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Abstract 
Hydrothermal alteration processes are a key element in the geochemical cycle between the 
oceans and the oceanic crust and they also play a crucial role in the mass transfer that is associated 
with subduction zone related environments. For this reason, they have been the subject of numerous 
studies and a large variety of different approaches have been used to gain new insight on their 
functionality. Valuable information could be obtained through the application of geophysical techniques 
or the comprehensive investigation of fluid and rock samples that where collected either from active 
systems at the seafloor or from ancient analogues like ophiolites. Such field-based studies provide a 
clear picture of the current state of a hydrothermal system, i.e. an alteration mineral assemblage or a 
certain fluid composition, however it is often difficult to infer the exact conditions that produced this 
state, as parameters like P, T, W/R ratios or pH have to be estimated based on other sample 
characteristics and this usually imposes large uncertainties. Thermodynamic modeling can be applied 
to investigate the influence of these parameters and to make precise predictions on the equilibrium 
state of a system for a given set of variables but the value of these predictions is limited by 
uncertainties in the available thermodynamic data. The best option to test hypothesis that are based 
on field observations or the predictive power of a thermodynamic model is to conduct an experiment. 
Flexible reaction cell setups provide a perfect tool to simulate alteration processes associated with 
hydrothermal systems under well-defined laboratory conditions and the results of such experiments 
can be used to improve our understanding of these processes. Consequently, this PhD project 
focused on the application of experimental techniques to gain new insight on selected hydrothermal 
processes. 
The core of this thesis are 2 experimental studies and 1 additional experimental study conducted 
in context of a cooperation-project that investigated 3 hydrothermal processes that are of high 
significance and moreover in desperate need for profound experimental data. 
Serpentinization associated hydration and dehydration reactions constitute a critical mass 
transfer between the oceans and the oceanic crust and are in particular important for the transfer of 
water in subduction zone environments. The fluid mobile elements Li and B exhibit a strong elemental 
partitioning and distinct isotope fractionation during serpentinization and are potential proxies for the 
occurring mass transfer but the fractionation process is still not well constraint. The 1st set of 
experiments consequently focused on the experimental investigation of Li and B isotope fractionation 
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during serpentinization. Fresh olivine was reacted with seawater-like fluids adjusted in composition 
with respect to Li and B at 200 and 100 °C (400 bars) in a Dickson-type flexible reaction cell setup. 
Isotope fractionation and the nature of the serpentinization reaction were comprehensively 
characterized based on reaction concomitant fluid samples and retrieved alteration products. 
Thermodynamic computational results confirmed an equilibrium mineral assemblage at 200 °C (77% 
turnover) while the serpentinization reaction revealed to be sluggish at 100 °C (12% turnover). 
Variations in Li concentrations and isotope ratios seem to be predominantly defined by the mixing of 
two isotopically distinct Li budgets upon the successive dissolution of the Li-rich olivine reactant. 
However, the inferred partitioning into alteration products is significantly increased at 100 °C. 
Moreover a preferential uptake of the lighter 6Li isotope by alteration phases was observed at 200 °C, 
whereas a 7Li enriched isotopic signature indicates a different mode of incorporation at 100 °C. A 
marked enrichment of B as well as a preferential uptake of the lighter 10B isotope by alteration phases 
could be inferred in both experiments. The magnitude of the enrichment and the isotopic effect 
(100 °C: Δ11BS-F = -3.46 ‰; 200 °C: Δ11BS-F = -9.97 ‰) were strongly anti-correlated with temperature. 
While the general enrichments are in line with observations on natural serpentinites, B isotope 
fractionation was significantly reduced compared to prediction made by current models. It is concluded 
that different modes of B incorporation in serpentine (11B preferred) and brucite (10B preferred) result in 
an attenuation of the isotopic effect. Moreover thermodynamic speciation modelling based on fluid 
data indicates a significant contribution of additional boron species (NaB(OH)4(aq) and B(OH)3Cl-) to 
the speciation, which might add to the attenuation effect. The results of the study strongly suggest an 
adjustment of current models to account for the indicated mineralogical and speciation effects. It 
moreover provides a first set of profound experimental data on Li and B isotope fractionation during 
serpentinization. 
The serpentinization of mantle peridotites is known to exhibit a high potential to produce H2-rich 
fluid that can act as an energy source for chemosynthetic microbial communities and has been the 
subject of several experimental studies. Troctolites are a common rock in similar geological settings 
(e.g. oceanic core complexes) and with olivine as a major component they hypothetically also have a 
high potential to produce similar fluid compositions upon hydrothermal alteration. Furthermore 
chemistry-wise they are a much better analogue for ancient komatiites and serpentinization processes 
associated with these rocks might have played a crucial role in the emergence of life. The knowledge 
on troctolite alteration, however, is very limited and no experimental data exists. The 2nd set of 
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experiments was consequently designed to investigate the alteration of olivine-rich troctolites. Using 
the same experimental setup, fresh Mg-rich olivine and Ca-rich plagioclase were reacted with 
seawater-like fluids at 300 and 400 °C (400 bars). The alteration process was characterized based on 
reaction concomitant fluid samples and retrieved alteration products and comprehensive 
thermodynamic reaction path modelling aided the interpretation. The produced mineral assemblage at 
300 °C included serpentine, magnetite, brucite as well as chlorite and xonotlite ± andradite, whereas 
chlorite, diopside, andradite, xonotlite and grossular ± serpentine where observed at 400 °C. The 
alteration in both experiments is defined by the low silica activities imposed by the serpentinization of 
olivine and the consequently facilitated successive desilication of plagioclase. At 300 °C silica is 
buffered to a lower level by serpentine-brucite, whereas the reaction is buffered at a higher silica level 
at 400 °C due to the instability of brucite and the presence of olivine in the equilibrium mineral 
assemblage. In agreement with the high abundance of magnetite at 300 °C, the fluid became 
increasingly enriched in H2 (up to 20 mM). At 400 °C, H2 production could be subjected to andradite 
formation but it was limited by the stability of olivine and moreover H2 as well as CH4 were 
successively removed from the fluid in later stages of the experiment. Deviations between the 
produced mineral assemblages and those observed in natural altered troctolites could be subjected to 
an increased elemental mobility of Ca and Al in the experiment, in which a powder was reacted 
instead of a massive rock. A successive cementation and the consequential establishment of steep 
concentration gradients that resulted in distinct mass transfer of certain elements (Ca, Si) additionally 
influenced the alteration process. This study provides first experimental insight into the process of 
troctolite alteration and will serve as a basis for future experimental studies. 
 Marine dissolved organic matter (DOM) constitutes a large pool of carbon in the global carbon 
cycle. Large fractions of marine DOM are not affected by biological or surface reactive processes and 
survive for thousands of years in the deep ocean. While it is known that high temperature (>380 °C) 
hydrothermal circulation acts as sink for this DOM, the temperature dependence and the exact nature 
of the alteration process is not well understood. In the 3rd set of experiments that were conducted in 
context of a cooperation-project, the alteration of marine DOM was systematically investigated at a 
range of temperatures. For this purpose a batch of artificial seawater was enriched with solid-phase 
extractable DOM (SPE-DOM) and reacted in multiple flexible reaction cell setups at a 100, 170, 200, 
230, 270, 300 and 380 °C. Periodic fluid sampling was done throughout the experimental runs (days to 
weeks) and the samples were subsequently characterized with respect to DOC, DIC, SPE-DOC, pH, 
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H2S, acetate and formate. SPE-DOC composition was moreover evaluated by Fourier-transform ion 
cyclotron resonance mass spectrometry (FT-ICR-MS). The study revealed that large amounts of the 
marine DOM are already affected (altered) at 100 °C and about 20% are completely removed. At 
higher temperature almost no component remains unaltered and at 380 °C over 93% are completely 
removed. Analyses of the molecular diversity indicate that decarboxylation and dehydration reactions 
result in a successive reduction of higher molecular weight compounds to lower molecular weight 
species before they are eventually completely removed. Even though larger fractions of SPE-DOM are 
not entirely removed at lower temperatures, this reduction in molecular weight could impact the 
bioavailability of hydrothermally altered marine DOM. Finally the data can be extrapolated to lower 
temperatures, which implies that significant removal of marine DOM through hydrothermal alteration 
might already start at 68 °C. 
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Kurzfassung 
Hydrothermale Alterationsprozesse sind von zentraler Bedeutung für den geochemischen 
Kreislauf zwischen den Reservoiren der Ozeane und der Ozeankruste. Darüber hinaus spielen sie 
eine entscheidende Rolle bei geodynamisch bedeutsamen Massentransferprozessen, die im Kontext 
der Subduktion ozeanischer Kruste in Subduktionszonen auftreten. Daher beschäftigen sich 
zahlreiche Studien mit der Erforschung dieser Prozesse und es existiert eine große Bandbreite an 
unterschiedlichsten Ansätzen, die, angepasst an die jeweiligen Fragestellungen, versuchen, neue 
Erkenntnisse bzgl. der zugrunde liegenden Mechanismen zu gewinnen. Eine wichtige Grundlage 
bilden dabei Informationen, die auf Basis der Anwendungen geophysikalischer Methoden oder der 
detaillierten Charakterisierung von Gesteins- oder Fluidproben erhoben wurden. Letztere können 
entweder unmittelbar aus rezenten Hydrothermalsystemen am Meeresboden oder aber aus ehemalig 
aktiven Systemen wie beispielsweise Ophiolithkomplexen stammen. Derartige Feldstudien zeichnen 
ein klares Bild vom Ist-Zustand eines Hydrothermalsystems bezüglich seines Alterationsphasen-
mineralbestandes oder einer bestimmten Fluidchemie. Allerdings ist es schwierig die exakten 
Bedingungen zu rekonstruieren, die das ursprüngliche System in diesen Zustand überführt haben. 
Zustandsgrößen wie Druck, Temperatur, Wasser-Gesteinsverhältnisse oder pH-Wert können lediglich 
auf Basis anderer Probencharakteristika abgeschätzt werden, woraus sich oftmals große 
Unsicherheiten ergeben. Der Einfluss dieser Parameter kann wiederum mit Hilfe thermodynamischer 
Modellierungen untersucht werden, mit denen sich präzise Voraussagen über den 
Gleichgewichtszustand eines Systems bei bestimmten Bedingungen treffen lassen. Die 
Anwendbarkeit dieser Voraussagen auf natürliche Systeme ist jedoch stark von der Qualität und 
Verfügbarkeit thermodynamischer Ausgangsdaten abhängig. Experimente bieten die einzigartige 
Möglichkeit auf Feldstudien basierende Hypothesen sowie die Voraussagekraft thermodynamischer 
Modelle zu testen. Mit dem sogenannten „flexible reaction cell“ - Design können Prozesse in 
Hydrothermalsystemen unter klar definierten Druck- und Temperaturbedingungen simuliert werden. 
Fluidproben, die aus dem laufenden Versuch entnommen werden, ermöglichen eine 
versuchsbegleitende Abschätzung des Reaktionsfortschritts sowie eine genauere Charakterisierung 
der ablaufenden Prozesse. Das übergeordnete Thema der vorliegenden Dissertation ist daher die 
experimentelle Untersuchung von ausgewählten Hydrothermalprozessen. 
XI 
Im Kern liegen dieser Dissertationsschrift zwei experimentelle Studien sowie ein zusätzliches 
experimentelles Kooperationsprojekt zugrunde, welche insgesamt drei bedeutsame Hydrothermal-
prozesse untersuchen, deren Beschreibbarkeit in entscheidender Weise von der Verfügbarkeit 
experimenteller Daten profitieren würden. 
Die mit der Serpentinisierung von Mantelgesteinen einhergehenden Hydratations- und 
Dehydrierungsreaktionen tragen in entscheidender Weise zum Massentransfer zwischen den 
Ozeanen und der Ozeankruste bei und beeinflussen zudem den Wassertransfer in Subduktionszonen. 
Die fluidmobilen Elemente Lithium und Bor zeichnen sich durch eine starke elementare und 
isotopische Fraktionierung während der Serpentinisierung aus.  Sie können daher potentiell als Tracer 
für die assoziierten Massentransfers fungieren, allerdings ist der Fraktionierungsprozess bisher noch 
nicht hinreichend quantifiziert. Im Rahmen einer ersten Versuchsreihe wurde daher die Li und B 
Isotopenfraktionierung während der Serpentinisierung systematisch untersucht. Dazu wurde frischer 
Olivin mit meerwasserähnlichen, Li und B dotierten Fluiden bei 100 und  200 °C (400 bar) unter 
Verwendung eines „flexible reaction cell“ - Versuchsaufbaus zur Reaktion gebracht. 
Isotopenfraktionierung und Serpentinisierung wurden auf Basis von versuchsbegleitenden Fluidproben 
sowie aus den Reaktionszellen geborgenen, festen Reaktionsprodukten charakterisiert. Mit Hilfe von 
vergleichenden thermodynamischen Modellierungen konnte für den 200 °C Versuch (77% 
Reaktionsumsatz) eine Gleichgewichtsmineralparagenese nachgewiesen werden. Eine insgesamt 
träge Reaktionskinetik im 100 °C Versuch resultierte hingegen in einem niedrigen Reaktionsumsatz 
von nur 12%. Die sich ergebenden Variationen in den Li-Budgets und der Isotopenzusammensetzung 
scheinen in erster Linie auf der Mischung zweier isotopisch verschiedener Li-Budgets zu basieren, 
welche im Kontext einer zunehmenden Olivinhydrolyse auftritt. Dennoch lässt sich eine verstärkte 
Aufnahme von Li durch Sekundärphasen bei niedrigen Temperaturen feststellen. Im 200 °C Versuch 
nehmen Alterationsphasen bevorzugt das leichte 6Li Isotop auf, wohingegen sich auf dem niedrigeren 
Temperaturniveau eine Anreichung des schweren 7Li verzeichnen lässt. Dies deutet auf einen 
abweichenden strukturellen Einbau bei den jeweiligen Temperaturen hin. In beiden Versuchen werden 
Alterationsphasen deutlich an B angereichert und nehmen dabei bevorzugt das leichte 10B auf. Bor-
Aufnahme und Isotopeneffekt erweisen sich als deutlich antikorreliert mit der Temperatur (100 °C: 
Δ11BS-F = -3.46 ‰; 200 °C: Δ
11BS-F = -9.97 ‰). Während sich die dokumentierte Anreicherung mit 
Beobachtungen aus natürlich Systemen deckt, ist der festgestellte Isotopeneffekt signifikant kleiner als 
von aktuellen Modellen vorausgesagt. Eine mögliche Erklärung für eine Abschwächung des 
XII  XII 
Isotopeneffekts bietet die abweichende Art, in der B in Sekundärphasen wie Serpentin (bevorzugt 11B) 
und Bruzit (bevorzugt 10B) strukturell bzw. adsorptiv gebunden wird. Modellierungen der 
Fluidspeziierung implizieren zudem, dass zusätzliche B-Spezies (NaB(OH)4(aq) und B(OH)3Cl
-) in 
signifikanten Mengen vorhanden sind, wodurch sich der Isotopeneffekt zusätzlich abschwächen kann. 
Insgesamt deuten die Ergebnisse der experimentellen Studie darauf hin, dass die aktuellen Modelle 
angepasst werden sollten, um mineralogische und Speziierungseffekte zu berücksichtigen. 
Die Serpentinisierung von Mantelperidotiten kann potentiell große Mengen an H2 freisetzen, 
welcher als Energielieferant für Chemosynthese betreibende, mikrobielle Gemeinschaften fungiert. In 
vergleichbaren geologischen Umfeldern (z.B. Ozeankernkomplexe) sind Troktolithe eine häufig 
beobachtete Lithologie, die sich durch einen großen Anteil an Olivin auszeichnet. Letzteres birgt das 
Potential, dass die Alteration dieser Gesteine ähnlich große Mengen an H2 freisetzen kann. Durch 
Ähnlichkeiten in ihrer Zusammensetzung repräsentieren Troktolithe zudem ein gute Analogie zu den 
erdgeschichtlich älteren Komatiiten, deren Serpentinisierung eine entscheidende Rolle bei der 
Entstehung des Lebens gespielt haben könnte. Im Gegensatz zu der Hydratation von 
Mantelperidotiten ist die Alteration von Troktolithen jedoch bisher nicht experimentell untersucht 
worden. Eine zweite experimentelle Studie befasst sich daher mit der Alteration von olivinreichen 
Troktolithen. Hierbei wurden die Reaktionen von Mg-reichem Olivin und Ca-reichem Plagioklas mit 
meerwasserähnlichen Fluiden bei 300 und 400 °C (400 bar) untersucht. Unterstützt von 
umfangreichen, thermodynamischen Reaktionspfadmodellierungen wurde die Alteration auf Basis von 
reaktionsbegleitenden Fluidproben und gewonnenen Alterationsprodukten charakterisiert. Bei dem 
300 °C Versuch bestand die festgestellte Mineralparagenese aus Serpentin, Magnetit, Bruzit sowie 
Chlorit und Xonotlith ± Andradit, wohingegen beim 400 °C Versuch Chlorit, Diopsid, Andradit, Xonotlith 
und Grossular ± Serpentin beobachtet wurden. Die Art der Alteration basiert in beiden Experimenten 
im Wesentlichen auf der besonders niedrigen Siliziumaktivität, welche auf die Serpentinisierung von 
Olivin zurückzuführen ist und die schrittweise Desilifizierung der Plagioklaskomponente bedingt. Bei 
300 °C ist die Si-Aktivität durch die Mineralparagenese Serpentin-Bruzit gepuffert. Bei 400 °C bedingt 
die Instabilität von Bruzit und die Stabilität von Olivin eine Pufferung des Systems auf einem höheren 
Si-Aktivitätsniveau. Bei 300 °C wurde eine zunehmende Anreicherung des Reaktionsfluids mit H2 (bis 
zu 20 mM) festgestellt, die sich mit der Anwesenheit von einer signifikanten Menge an Magnetit deckt. 
Im 400 °C Versuch kann die H2-Produktion der Kristallisation von Andradit zugerechnet werden. 
Allerdings wurde H2 zum einen durch die Stabilität von Olivin limitiert. Darüber hinaus wurde eine 
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Abnahme von H2 und CH4 in der Spätphase des Versuchs festgestellt. Unterschiede in der 
Festphasenparagenese zu natürlich alterierten Troktolithen konnten im Wesentlichen auf eine 
gesteigerte Mobilität von Ca und Al in den Versuchen zurückgeführt werden, in denen an Stelle eines 
massiven Gesteinskörpers ein initial lockeres Pulver zur Reaktion gebracht wurde. Des Weiteren 
wurde der Alterationsprozess in den Versuchen durch eine zunehmende Zementation beeinflusst. 
Texturelle Beobachtungen und Reaktionspfadmodellierungen implizieren, dass sich in Folge der 
Zementation starke Konzentrationsgradienten bzgl. bestimmter Elemente (Ca, Si) gebildet haben 
können, die einen Massentransfer entlang dieser Gradienten zur Folge hatten. Zusammenfassend 
repräsentiert diese Versuchsreihe eine erste experimentelle Studie zur Alteration olivinreicher 
Troktolithe, die auch als Fundament für zukünftige experimentelle Studien dienen kann. 
Im globalen Kohlenstoffkreislauf stellt im Ozean gelöstes organische Material (DOM) ein großes 
Reservoir an Kohlenstoff dar. Ein bedeutender Anteil wird weder von biologischen noch 
oberflächenbasierten Prozessen beeinflusst und akkumuliert sich über mehrere tausend Jahre in der 
Tiefsee. Eine wichtige Senke für dieses resistente DOM ist die Zersetzung im Zusammenhang von 
hydrothermaler Zirkulation des Meerwassers bei hohen Temperaturen (380 °C). Die genaue 
Temperaturabhängigkeit der Zersetzung und die Art der induzierten Veränderungen sind jedoch nicht 
bekannt. Um diesen Prozess besser zu verstehen, wurde daher im Rahmen eines 
Kooperationsprojekts die Alteration von marinem DOM genauer untersucht. Hierzu wurde künstliches 
Meerwasser mit festphasenextrahierbarem, gut charakterisiertem DOM (SPE-DOM) angereichert und 
in einer „flexible reaction cell“ - Versuchsanordnung variablen Temperaturen ausgesetzt (100, 170, 
200, 230, 270, 300 und 380 °C). Während der Versuche mit Laufzeiten von Tagen bis Wochen 
wurden wiederholt Fluidproben entnommen und anschließend bzgl. DOC, DIC, SPE-DOC, pH, H2S, 
Azetat und Format charakterisiert. Die Diversität der molekularen Zusammensetzung des SPE-DOC 
wurde zudem detailliert mittels FT-ICR-MS untersucht. Die durchgeführten Versuche zeigen deutlich, 
dass marines DOM bereits bei niedrigen Temperaturen (100 °C) in wesentlichen Teilen verändert wird 
und bis zu 20% vollständig zersetzt werden. Bei höheren Temperaturen werden nahezu alle 
Komponenten alteriert und auf einem Temperaturniveau von 380 °C werden über 93% komplett 
zersetzt. Die parallel bestimmte molekulare Diversität impliziert zudem, dass Decarboxylierung und 
Dehydrierung eine zunehmende Zersetzung des DOM zu Komponenten mit niedrigerem 
Molekulargewicht bedingen, bevor sie potentiell vollständig zersetzt werden. Hieraus ergibt sich, dass 
– selbst wenn sich bei niedrigeren Temperaturen größere Anteile des SPE-DOM nicht vollständig 
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zersetzen – die Alteration zu Kohlenwasserstoffen mit niedrigeren Molekulargewichten in bedeutender 
Weise die Bioverfügbarkeit von hydrothermal alteriertem DOM beeinflussen könnte. Des Weiteren 
können die Daten zu noch niedrigeren Temperaturen extrapoliert werden. Dies impliziert, dass eine 
signifikante vollständige Zersetzung von Teilen des marinen DOM bereits bei 68 °C beginnen könnte. 
 
 
 
Introduction    1
1 Introduction 
1.1 Significance of water-rock interactions 
1.1.1 Water-rock interactions and the concept of metasomatism 
Interactions between water and rock are one of the key factors shaping and constantly 
changing the face of the earth. In the broadest sense of the term, water-rock interaction can refer to a 
multitude of different processes, which are all mutually important in Earth’s system. The impact of 
some is blatantly obvious, like the mechanical weathering imposed by the fast, forceful movement of 
large water masses. The incision of deep valleys, the sedimentation of large alluvial fans and the 
continuous evolution of shorelines is evidence for the erosional force of rivers and waves. The effect of 
others is less obvious as the local amount of water involved is limited or the processes require 
geologic timescales to produce recognizable changes on a local scale. Notable examples include the 
landscape forming slow movement of large ice masses (glaciers), processes such as frost wedging or 
the physical and chemical weathering of rock through precipitation. However, what is usually referred 
to when fluid-rock interactions are discussed in earth sciences is the even less tangible but the at least 
equally important ubiquitous process of metasomatism.  Following the current recommendation of the 
IUGS Subcommission on the Systematics of Metamorphic Rocks (SSMR) metasomatism is defined 
as: 
„A metamorphic process by which the chemical composition of a rock or rock portion is altered 
in a pervasive manner and which involves the introduction and/or removal of chemical components as 
a result of the interaction of the rock with aqueous fluids (solutions). During metasomatism the rock 
remains in a solid state.“ (Zharikov et al., 2007) 
From the definition given above some aspects of metasomatism are clearly distinguishable from 
pure metamorphic processes. Metasomatism is by definition not isochemical and involves the 
participation of significant amounts of fluids, which enable a comprehensive mass transfer (Harlov and 
Austrheim, 2013). It does not necessarily require a continuous fluid flow through the lithology but for 
metasomatism to occur, the fluids have to be in disequilibrium with the rocks’ mineral assemblage and 
they have to be able to actively flow along grain boundaries to initiate a coupled dissolution of primary 
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mineral phases and re-precipitation of alteration phases (Ferry and Dipple, 1991; Harlov and 
Austrheim, 2013; Yardley, 2013). The driving forces for the mass transfer, either by diffusion through 
the fluid or by fluid advection, are steep chemical activity as well as pressure and temperature 
gradients (Dipple and Ferry, 1992; Cox, 1999; Bach and Klein, 2008). 
 If the process involves a stagnant fluid system, in which mass transfer occurs through diffusion 
of solutes, it is called diffusional metasomatism (Zharikov et al., 2007). Processes like steatitization 
and rodingitization are predominantly driven by chemical potential gradients at lithological boundaries 
and are perfect examples of this type of metasomatism (Bideau et al., 1991; Bach et al., 2004; Bach 
and Klein, 2008; Jöns et al., 2008; Bach et al., 2013).   
If active fluid flow occurs and an external fluid introduces or removes components from the rock, 
the process is termed infiltration metasomatism (Korzhinskii, 1958; Korzhinskii, 1968). The infiltration 
is strongly facilitated by the existence of additional fluid flow pathways like fractures, micro-fractures, 
faults and shear zones but at least it requires some kind of interconnected permeability (Cox et al., 
1991; Yardley, 2013). Infiltration fluids are often buffered through comprehensive interactions with the 
mineralogical assemblage of a host rock they originate from, i.e. they are in chemical equilibrium with 
their host (Hanor, 1994; Yardley, 2005). Exceptions are mass-limited infiltration fluids, that originated 
from host lithologies that contain components that are easily dissolvable like salts (Houston et al., 
2011). As a consequence the fluids are saturated with respect to the original composition of the host 
but not buffered as certain mineral components are no longer present. The composition can also be 
kinetically-limited if some minerals react faster than others and hence the fluid characteristics will be 
dominated by the dissolution of those components (Yardley, 2013). However all types of infiltration 
metasomatism have in common that the infiltrating fluid is out of equilibrium with the infiltrated lithology 
and it can hence lead to an extensive modification of mineralogy and bulk chemistry. In addition to the 
fluid reactiveness, the key factor that determines the extent of alteration imposed by infiltration 
metasomatism is the absolute amount of available fluid or better the time integrated fluid flux (Ferry, 
1996).  
Major metasomatic mass transfer occurs along mid-ocean ridges, where high geothermal 
gradients associated with magmatic activity provide a driving force for the circulation of seawater 
through the oceanic crust. The extent of induced alteration can be highly variable depending on the 
scale of fluid-throughput and the thermal regime. Changes in bulk chemical composition might remain 
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subtle in most fractions of the crust where fluid circulation is diffuse, but as the process affects a huge 
area along a 65.000 km long global system of mid-ocean ridge- and backarc spreading centres, it still 
effectively adjusts the chemistry of the seawater and oceanic crust reservoir (Bird, 2003; Bach et al., 
2013). In addition to areas of seafloor spreading, favourable high geothermal gradients and related 
metasomatic alteration are found along 22.000 km of intra-oceanic island arcs (De Ronde et al., 2001; 
Baker et al., 2008) and in association with active intra-plate volcanisms (Kauahikaua 1993; Taran et 
al. 2002). 
1.1.2 Structure of the oceanic crust 
The diversity of different metasomatic processes depends on the thermal regime, the availability 
of fluid flow pathways (e.g. fractures, faults, shear-zones) and the types of lithologies that are involved. 
All these parameters are directly linked to the structure of the oceanic crust, which mostly is the result 
of variability of spreading rates (see Figure 1). The majority of the mid-ocean ridges on earth are 
characterized by fast and ultra-fast spreading rates (80 – 180 mm/year) like the East Pacific Rise 
(Baker et al., 1996; Dick et al., 2003; Meyer et al., 2008).  
 
Figure 1.1: Global distribution of spreading rates modified after Müller et al. (2008). 
Seismic imaging revealed up to tens of km wide and several 100 m thick zones of low seismic 
velocities under these ridge systems that are interpreted as axial melt lenses, which provide a 
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continuous magma supply (McClain et al., 1985; Morton and Sleep, 1985; Sinton and Detrick, 1992) 
(see Figure 2a-b, modified after Bach and Früh-Green 2010). In combination with the extensive 
magmatic activity fast and ultra-fast spreading ridges develop a rather smooth continuous topography 
and a homogeneous crustal architecture that can be described with the classic Penrose model 
(Participants of the Penrose Conference, 1972) (see Figure 2c; modified after Searle et al. 2014). The 
uppermost magmatic sequence constitutes sheeted basaltic flows, pillow lava and volcanic breccia 
that can be subjected to a layered effusive lava outflow at the seafloor (1-2 km thick). This first layer 
transitions into an about 1 km thick sheeted-dyke complex, which can be interpreted as vertical 
conduits through which magma rose to the surface (White et al., 1992). Sheeted-dykes form vertical 
planes along ridge axis and usually comprise dolerites and plagiogranites (Dilek and Thy, 2006). The 
lowermost sequence above the crust-mantle transition zone is made up of plutonic gabbroic rocks and 
can be several km thick. These rocks were initially interpreted to be the result of slow crystallization of 
huge magma chambers sitting below the melt lens at the gabbro to sheeted-dyke transition.  
 
Figure 1.2: Idealized sketch of the structure of the oceanic crust at fast and ultra-fast spreading ridges 
modified after Bach and Früh-Green (2010) (a and b) and Searle et al. (2014) (c). The crust exhibits a 
typical layered structure starting with an uppermost basaltic layer of effusive pillow lava, followed by 
sheeted-dikes, gabbros and layered gabbros. The lowermost part transitions over the mantle crust 
transition zone (MTZ) into the mantle. Wide-ranging melt lenses are situated at the base of the 
sheeted dikes sitting on top of a partially solidified crystal mush. The ridge has a smooth topography. 

	













	
	










!
"	#

$%%
	
$%%



'





!
(



"
)

*#

+
"
)

*#

+
,#
/#
;,#
<
;
/
<
;
/ =%
"
>
$%%
?@
?%@ ?@
Introduction    5
More recent studies however suggest a different formation hypothesis that advocates a formation that 
involves initial crystallization near the upper melt lens and a subsequent ductile flow towards the Moho 
or the emplacement of multiple stacked sills originating from the crust mantle transition zone (Kelemen 
et al., 1997). As crust formation continues, successive magmatic segments of the described sequence 
are subjected to overlapping accretion and as older segments move away from the ridge the upper 
basaltic pillow sequence is successively covered with sediments.  
In contrast to the fast spreading ridges, magma supply at slow (<55 mm/year) and ultraslow spreading 
ridges (<12 mm/year) can be limited or be almost absent in distinct stages of the spreading process 
(Dick et al., 2003). As a consequence the extensional movement of the divergent plates cannot 
continuously be accommodated by the accretion of newly formed magmatic crust. Instead extension is 
accommodated by the formation of long-lived, large-offset transform faults as well as arrays of strike-
slip and oblique-slip faults where magmatic segments transition into magma poor or amagmatic  
Figure 1.3: Sketch of structure of the oceanic crust at slow and ultraslow spreading ridges modified 
after Bach and Fruh-Green (2010) (a and b). Magma-poor segments that exhibit a thinned crust 
interrupt magma-rich segments with a normal layered crustal architecture. The ridge exhibits a well-
developed axial rift valley and the crustal structure is characterized by extensive faulting. 
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segments (Cannat et al., 1995; Bach et al., 2013). The combination of tectonically accommodated 
extension, lack of magma supply and faster cooling of the magma-poor crust segment can lead to 
progressive crustal thinning (Boillot et al., 1988) (see Figure 3b; modified after Bach and Früh-Green 
2010). Fluid migrating along pathways associated with large normal faults can be expected to facilitate 
cooling of the crust, which in turn lowers the brittle-ductile transition to greater depth and facilitates 
additional extensive fracturing (Huang and Solomon, 1988; Humphris et al., 1995). In this context 
large-offset normal faults, so called oceanic detachment faults, can form at slow-spreading ridges. 
These faults can range from a few km to tens of km and might initiate as steep faults at great depth 
close to the ridge axis but then shallow off-axis through spreading associated rotation of the footwall 
(Escartín and Canales, 2011). At the seafloor they are recognized as a shallow dipping, corrugated 
surface that is interpreted as the fault surface (Blackman et al., 1998). The shallow angle of 
detachment in combination with crustal thinning can lead to an exposer of the faults footwall and the 
exhumation of lower crustal and even mantle rocks in so called oceanic core complexes (Ildefonse et 
al., 2007; Miranda and Dilek, 2010; Escartín and Canales, 2011) (see Figure 3a; modified after Bach 
and Früh-Green 2010). Spreading at slow-spreading ridge usually still involves a significant fraction of 
magmatic accretion, even in the magma poor segments. Ultraslow ridges like the South West Indian 
(SWIR) or Gakkel ridge, however, where found to comprise also completely amagmatic segments 
exhibiting almost no axial volcanism. Mantle-peridotite can be exhumed on a large scale in these 
“smooth seafloor” segments that can be long-lived (28 Ma) and extend over more than 100 km of axis 
(Dick et al., 2003; Cannat et al., 2006). Based on SWIR data Sauter et al. (2013) proposed a model for 
continuous mantle exhumation at ultraslow spreading ridges. Upon cooling and further extension long-
lived detachment fault surfaces become increasingly dissected by steep normal faults. Facilitated 
serpentinization of mantle peridotites along these fluid pathways results in additional weakening and 
ultimately one of these faults becomes a new detachment fault exhibiting a flipped polarity and 
detachment prevails towards the other side of the ridge axis. 
Summarizing the characteristics of different styles of oceanic crust clarifies its impact on 
metasomatic processes. At fast and ultrafast spreading ridges faulting in the continuous magmatic 
crust is very limited, seawater infiltration is bound to micro cracks and fractures and the occurrence of 
larger fluid flux is tied to magmatic diking (Bach et al., 2013). The hydrothermal alteration imposed by 
infiltrating fluids mostly affects the upper permeable magmatic sequence (pillow basalts to sheeted 
dykes) but the amount of deeper penetrating fluids is limited as permeability strongly decreases in the 
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sheeted dyke to gabbroic sequences. The crust at slow and ultraslow spreading ridges, however, is 
subjected to brittle fracturing and faulting, which opens additional fluid pathways. The fault controlled 
fluid flow in these ridge segments can provide the basis for large long-lived hydrothermal systems, in 
which fluid can easily penetrate deep into the crust. Moreover, extensive infiltration and alteration of 
ultramafic mantle lithologies can occur in oceanic core complexes. These structural constraints set the 
foundation for a great variability of unique hydrothermal systems. 
1.2 Hydrothermal systems and vents 
1.2.1 Hydrothermal systems at mid ocean ridges 
Hydrothermal systems play a key role in governing the geochemical mass transfer as well as 
the heat exchange between the oceans and the oceanic crust, moreover, some of the most fascinating 
phenomena on Earth are associated with the areas where circulating fluids are discharged at the 
seafloor in hydrothermal vents. Since their discovery almost 40 years ago scientists found that most of 
these vent sites harbour a large variety of chemosynthetic based life forms (Corliss et al., 1979; Van 
Dover et al., 2002). Furthermore, the hot metal enriched fluids can precipitate sulphides or other 
minerals when they discharge at the seafloor and get in contact with cold seawater, resulting in the 
growth of large black smoker chimney structures (Haymon, 1983).  
Following the model described by Alt (1995) hydrothermal systems that ultimately produce 
hydrothermal venting at mid ocean ridges can be roughly sub-divided in three zones (see Figure 4, 
modified after Humphris and McCollom (1998)). Diffuse infiltration of seawater into the permeable 
volcanic crust occurs on a large scale in recharge zones located along mid ocean ridges. At shallow 
depth the infiltration results in low T alteration (< 150 °C) of the mostly basaltic crust and is 
characterized by a significant depletion of Mg from the fluid that is incorporated into Mg-rich smectite 
precipitating in veins and fractures (Alt et al., 1996). Elements like K, Rb, Cs, Li and B are also 
incorporated into the crust, whereas Ca is rather leached. At slightly higher temperatures (150 – 200 
°C) anhydrite precipitates from heated seawater, which is enriched with Ca derived from reactions with 
basaltic rocks. This effectively reduces permeability of the rock (Bischoff and Seyfried, 1978). At 
temperature above 150 °C alkalis K, Rb, Cs, Li and B are leached from the lithology (Von Damm et al., 
1995). Modes of alteration associated with the recharge zone closely resemble those, which also can 
occur far off axis in context of seawater circulation through older oceanic crust.  
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Figure 1.4: Hydrothermal circulation at mid ocean ridges modified after Humphris and McCollom 
(1998). Cold seawater recharges on a large scale and imposes subtle changes to the composition of 
the upper basaltic layers. The circulating fluid is successively heated as it penetrates deeper into the 
crust, where it leaches metals and sulfur from the rocks in the rection zone near the magmatic heat 
source. At 350-400 °C circulating water approaches the critical point and is buoyantly rising to the 
surface causing pervasive alteration in focused upflow zones. 
Due to an overall decreasing permeability towards the lower magmatic sequences (sheeted 
dikes to gabbros), which is facilitated through the precipitation of alteration phases like smectite and 
anhydrite, significantly less fluid penetrates deeper into the magmatic crust. With increasing depth and 
proximity to the magma source under the ridge axis the remaining fluids react under significantly 
increased temperatures (350 - 400 °C) with the rocks from the sheeted dike and upper gabbroic layer 
in the reaction zone (Alt, 1995). The reaction zone defines the lower depth limit for the circulation 
process as fluids above these temperatures approach the critical point of water and buoyantly rise to 
the surface (Humphris and McCollom, 1998). Hence, it can be situated relatively shallow at fast 
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spreading ridges, whereas fault aided deeper fluid penetration can occur at slow and ultra-slow 
spreading ridges. At low W/R ratios, fluids usually equilibrate with the reaction zone lithology. If the 
fluids become acidic through reaction with the magmatic crust they can leach metals (e.g. Cu, Zn, Fe, 
Au), S and take up magmatic volatiles (e.g. H2S, SO2, CH4, H2) (Alt, 1995). Fluid composition is also 
strongly influenced by phase separation occurring when temperature levels exceeding the critical point 
of water (407 °C, 298 bar) (Bischoff and Rosenbauer, 1985; Von Damm et al., 1995). The location of 
buoyant ascension of the fluids is termed “upflow” or “discharge” zone. In contrast to the rather subtle 
chemical modification of rocks in the recharge zone, the rising fluids can be focused when they 
migrate along high permeability providing fault surfaces and the concentration of hot, reactive fluids 
(W/R ~ 1000) can result in dramatic metasomatic alteration of the rocks they encounter (e.g. 
epidosites or chlorite-quartz shists) (Seyfried et al., 1988; Bettison-Varga et al., 1995).  
The driving force for maintaining fluid circulation in these hydrothermal systems is a subsurface 
situated heat source like the described melt lenses beneath spreading ridge axis or large crystallizing 
magmatic intrusions. More extensive metasomatic reactions in the hydrothermal systems hosted in the 
magmatic crust like those associated with the reaction and focused upflow zones are hence naturally 
closely tied to the ridge axis. As new crust is produced, the older segments move away from the heat 
source, the upper sequences get cemented and consequently less permeable during low temperature 
hydrothermal alteration (smectite, anhydrite precipitation). As a result, deep fluid penetration will be 
strongly limited or stop entirely. Consequently focused venting, which provides the foundation for 
highly active hydrothermal vent fields that produce black smokers and harbour chemosynthetic life, 
might not be sustained for longer time periods at fast spreading ridges.  
The crustal architecture at slow and ultraslow spreading ridges, however, holds a great potential for a 
different class of hydrothermal systems that follows an extended set of functional principles. 
Ubiquitous fracturing of the brittle crust and the existence of large, deep rooting faults provide 
pathways for massive fluid fluxes, forced into the crust by the pressure of the overlying water column. 
Fault controlled fluid infiltration is not constrained by the basic permeability of the lithological 
sequences and can continue on a large scale, and longer time periods even far off axis (Kelley, 2001). 
Furthermore, the upper magmatic layers at these ridges are frequently thin (slow spreading) or 
completely absent (ultraslow spreading) and exposed ultramafic lithologies (mantle peridotites) can be 
affected by fluid-rock interactions (Boillot et al., 1988; Cannat et al., 1995). The resulting hydration of 
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mantle peridotites is known as serpentinization, a type of metasomatic alteration that has a whole 
variety of fascinating consequences. 
1.2.2 Serpentinization
In a very simplified expression that somewhat summarizes the alteration result, the major olivine 
component of mantle rocks reacts to serpentine, brucite and magnetite while releasing additional H2 
(McCollom and Bach, 2009) (eq.1).  
                    eq.1 
However the exact product mineral assemblage and the resulting fluid chemistry strongly depend on 
the reaction conditions (e.g. T, P, W/R, X, fO2). At Temperatures below 315 °C the stable equilibrium 
mineral assemblage is brucite, serpentine and magnetite (see Figure 5; McCollom and Bach 2009). In 
this case silica activities in the system will be buffered to very low levels as formed brucite readily 
reacts to additional serpentine if silica is available (eq. 2) (Bach et al., 2006). 
             eq. 2
Moreover the amount of magnetite produced decreases with temperature as brucite will incorporate 
increasing amounts of Fe, which are consequently not available for oxidation and the formation of the 
Fe oxides (eq. 1; see Figure 6; McCollom and Bach 2009). Serpentine on the other hand will 
persistently incorporate less Fe than the precursor olivine reactant. Above 315 °C olivine is part of the 
equilibrium mineral assemblage instead of brucite and the fluids will be buffered at overall higher silica  
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Figure 1.5: Predicted alteration mineralogy for the alteration of harzburgite (0 - 400 °C) at a W/R ratio 
equal to 1, modified after McCollom and Bach (2009). At temperatures above 315 °C brucite becomes 
unstable and olivine is part of the equilibrium mineral asseblage. Amount is given in g mineral per kg 
of reacted harzburgite. 
activities (Frost et al., 2008). The level to which silica activity gets buffered is crucial as it also defines 
the ability of the fluid to destabilize other components of the rock, e.g. clinopyroxene (release of Ca) 
(Frost and Beard, 2007). As increasingly less olivine reacts with increasing temperature, the resulting 
total amount of magnetite will also decrease (see Figure 5; McCollom and Bach 2009). As the H2 
production is tied to the oxidation of ferrous (Fe2+) to ferric (Fe3+) iron, which is again directly linked to 
the formation of magnetite, it will be maximal around 315 °C (see Figure 7; McCollom and Bach 2009). 
Finally, serpentinization at low temperatures can produce highly alkaline fluids as pH is only buffered 
by the dissociation equilibrium of brucite (eq. 3), which favours dissolution at lower temperatures but 
also depends on dissolved Mg and Fe levels (McCollom and Bach, 2009). At higher temperatures, 
however, pH can be rather acidic (Charlou et al., 2002). 
    
          eq. 3 
Figure 1.6: Compositions of mineral solid solutions produced in the reaction path model presented in 
Figure 5 (0 - 400 °C); modified after McCollom and Bach (2009). Brucite incorporates increasing 
amounts of Fe with decreasing temperature levels, whereas serpentine and clinopyroxene show only 
minor compositional variations over the entire temperature range. 
As the alterated mantle peridotite usually is not a pure dunite, the reaction is additionally influenced by 
the participation of other primary mineral phases. Larger pyroxene fractions can provide an additional 
source of silica, which facilitates the brucite to serpentine transformation (eq. 2). Recent 
comprehensive modelling indicates that H2 production is not necessarily tied to magnetite formation 
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(Klein et al. 2013). If pyroxene-rich peridotites react, larger fraction of Fe3+ might be accommodated in 
cronstedtite (serpentine mineral) and H2 will form in absence of magnetite in the product mineral 
assemblage. Reaction of larger pyroxene fractions might also favour the higher silica activity 
assemblage serpentine talc, instead of serpentine brucite (Klein et al., 2013). The term serpentine 
actually represents a group of minerals that most commonly include the polymorphs lizardite, 
chrysotile and antigorite, which are stable under different conditions. Frequently observed accessory 
minerals in serpentinites include Fe- and Ni-bearing sulphides, oxides as well as native metal alloys 
(McCollom and Seewald, 2013).  
 
Figure 1.7: Variation of pH and produced H2 in reaction path model presented in Figure 5; modified 
after McCollom and Bach (2009). Hydrogen production is closely coupled to compositional changes 
and the presence of brucite in the model. 
1.2.3 Consequences for ultramafic hosted vent sites 
The outlined serpentinization associated reactions result in unique compositions of hydrothermal 
fluids venting from ultramafic-hosted vent sites. Depending on the thermal regime and the composition 
of the precursor lithology they can exhibit extremely low silica activities and be extremely alkaline 
(low T). With the potential of highly elevated H2 concentrations (peak around 315 °C) serpentinization 
controlled hydrothermal systems can be among the most reducing environments on Earth. Over the 
last decades several ultramafic-hosted vent sites have been discovered along slow spreading ridges 
and often in association with oceanic core complexes. Among them are high temperature systems at 
variable depth like Logatchev (14°45’N, 44°58’W; 365 °C; 2700 – 3000 m), Rainbow (36°14’N, 
Introduction    13
33°54’W; 320 – 352 °C; 2300 m), Nibelungen (8°17.87’S, 13°30.45’W; 192 – 372 °C; 3000 m) and 
Ashadze (12°58’N, 44°51’W; 296 - 355 °C; 4088 m) (Charlou et al., 2002; Schmidt et al., 2007; 
Melchert et al., 2008; Fabri, 2011; Schmidt et al., 2011; Schrenk et al., 2013) that can bear black 
smoker chimneys, but also systems exhibiting distinctly lower temperatures like Lost City (30°07’N, 
42°07’W; 40-90 °C; 700 – 800 m) (Kelley, 2001; Kelley, 2005; Boschi et al., 2008) that can be 
characterized by carbonate pipes (Austrheim and Prestvik, 2008). In combination with the outlined 
structural constraints at slow spreading ridges, the fact that serpentinization can prevail over a wide 
temperature range facilitates the potential for the existence of these systems in variable geological 
settings; both in younger hotter and older cooler crust segments. This potential can even be amplified 
as the serpentinization reaction also results in (1) a >10 wt.-% mass increase, through the uptake of 
water by alteration phases that also translates into 30-40 vol.-% increase (Ranero et al., 2003; Cannat 
et al., 2010) and it (2) represents a considerable heat source as the reaction is exothermic (Bach et 
al., 2002; Mével, 2003). Due to the heat production hydrothermal systems associated with 
serpentinization were frequently discussed to be self-sustainable, but this is only true to a certain 
extend and possibly for low temperature vents like the Lost City Hydrothermal vent field (Kelley, 2001). 
Indeed model calculations revealed that serpentinization associated heat release can result in a 
temperature increase of up to several tens of °C, however, higher reaction rates are kinetically limited 
and require temperature levels greater 100-150 °C (Lowell and Rona, 2002). These results confirm 
that hydrothermal circulation and serpentinization in high temperature hydrothermal systems (like 
Rainbow and Logatchev) still requires an external heat source like (1) a basaltic magma intrusion into 
or (2) cooling heat mined from the lithospheric mantle (Bach et al., 2002). Moreover, extensive faulting 
provides sufficient fluid pathways for deep seawater infiltration and heat up along a geothermal 
gradient. However, while an additional heat source is required in most cases, the serpentinization 
associated heat production provides an effective mechanism for sustaining and extending 
hydrothermal activity to far off axis environments (Kelley, 2001). The significant volume increase can 
promote a self-sealing closure of open fluid pathways, but it can also result in increased tectonic 
stress in the adjacent rocks that is released in additional fracturing or it effectively reopens pre-existing 
fluid conduits (Kelley, 2001; Ranero et al., 2003). Simultaneously the volume increase is accompanied 
by a density reduction to 2.5 g/cm3 resulting in a serpentinized lithology that is less dense than 
common ocean crust (2.8 g/cm3), which can lead to further diapiric exhumation (Mével, 2003). 
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Ultimately, this mechanism can also contribute to a prolonged sustainment of hydrothermal activity 
associated with serpentinization.  
1.2.4 Implications for life and the carbon cycle 
In addition to the high availability of molecular H2, vent fluids from ultramafic-hosted vent sites are 
often also strongly enriched in CH4, that is likely resulting from the reduction of inorganic carbon 
catalysed through Fe-Ni alloys under the extremely reducing conditions associated with 
serpentinization (Horita and Berndt, 1999; Sleep et al., 2004; McCollom and Seewald, 2007) (eq. 4).  
          eq. 4 
While elevated H2 and CH4 concentration were described for low and high temperature 
serpentinization driven vent sites, rather acidic fluids (pHmeasured 2.8; an in-situ pH of 5 is estimated 
considering the temperature dependence of speciation) venting from the hot vent fields like Rainbow 
showed the highest concentrations (16 mmol/kg H2; 2.5 mmol/kg CH4) (Charlou et al., 2002). 
Significantly lower enrichments (349 nmol/kg H2; 180 nmol/kg CH4) were found in highly alkaline low 
temperature fluids (pH 9 – 11) from Lost City, but still several orders of magnitude greater than those 
of ambient seawater (Kelley, 2005). 
Both of these components can be utilized by certain chemosynthetic microorganisms to gain metabolic 
energy by transferring electrons from H2 or CH4 to electron acceptors like O2 or SO4-. Prominent 
examples for such biologically mediated reactions are hydrogen oxidation (eq. 5), methanotrophy (eq. 
6), methanogenesis (eq. 7), sulphate reduction (eq. 8) and the anaerobic oxidation of methane (AOM; 
eq. 9) (McCollom 1999; Boetius et al. 2000; Brazelton et al. 2006; Alt et al. 2007; Knittel and Boetius 
2009; McCollom and Seewald 2013; see Figure 8). 
 
 
 
 
              eq. 9 
The great range of temperatures and pH provokes that these systems are each colonized by highly 
specialized, variable thermophile, chemolithoautotrophic microbes (Schrenk et al., 2013).  
       eq. 5 
           eq. 6 
          eq. 7 

            eq. 8 
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Figure 1.8: Cross-section through a deep-sea hydrothermal vent chimney drawn by McCollom and 
Seewald (2013). Potential habits for different chemosynthetic microorganism that extract metabolic 
energy form H2 and CH4 by electron transfer to electron acceptors derived from seawater. 
A great diversity of higher evolved species can either utilize the produced biomass or form symbiotic 
relationships to obtain their energy share from the microorganisms (bacteria or archaea) (Kelley 2005; 
Petersen et al. 2011). Consequently entire food webs can be established at serpentinization driven 
vents sites that require little to no organic matter from photosynthesis (McCollom and Seewald, 2013). 
Furthermore, while the extremely reducing environment within the serpentinites located beneath the 
vents might be challenging, as electron acceptor availability will be sparse, some studies strongly 
indicate that colonization by microorganisms might exceed the immediate vent proximity and extend 
into subsurface environments (Ménez et al., 2012). 
The high significance of serpentinization as an energy source becomes even more apparent, as the 
process is very likely to represent a modern day analogue for the alteration of ultramafic rocks in 
ancient times. In Earth’s early history, mantle temperatures were much higher, which allowed for 
abundant emplacement of komatiites (ultramafic lavas) at the seafloor and consequently 
serpentinization must have been much more widespread than today (Schulte et al., 2006). Moreover, 
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abundant serpentinization might have been one of the first significant energy sources even before the 
oxygenation and the advent of photosynthesis (e.g. through sulfate reduction eq. 8) (Holland, 2006; 
McCollom and Seewald, 2013). Due to its likely role in the sustainment of early life on Earth, the 
serpentinization associated hydrothermal systems are increasingly recognized by the scientific 
community as an environment that might have also played a key role in the emergence of life (Schulte 
et al., 2006; Lane et al., 2010; Russel et al., 2010; Sleep et al., 2011). The focal point of these 
discussions is the potential of serpentinization environments to provide favourable conditions for the 
formation of simple prebiotic organic compounds. It is proposed that in the reducing presence of 
abundant H2, CO2 is subjected to a sequential reduction process on catalysing reactive surfaces (e.g. 
Fe and Ni sulphide minerals) that ultimately results in the formation of basic compounds like acetate, 
formate, methanol and also methane (Horita and Berndt, 1999; Seewald et al., 2006; Martin et al., 
2008). Some studies suggest the possibility that in the presence catalysts like Fe-Ni alloys even 
hydrocarbons up to C4 may form through Fischer-Tropsch-type reactions (Proskurowski et al., 2008). 
Appealing to this hypothesis is the fact that the proposed carbon reduction process resembles known 
metabolic pathways for biomass synthesis. Some enzymes in particular exhibit Fe-S clusters with a 
similar structure, as it is found in certain sulphide minerals (McCollom and Seewald, 2013). Sleep et 
al. (2011) suggested that in addition to favourable fluid characteristics (H2, pH imposed proton 
gradients), the vent associated mineralized chimneys themselves might have been important in 
providing catalytic mineral surfaces and protective pore space, effectively assisting the formation of 
life’s building blocks. A serpentinization aided model for the origin of life would also be applicable to 
other planetary bodies as ultramafic rocks are not exclusive to earth and even the presence of 
serpentine minerals is strongly indicated (Ehlmann et al., 2010).  
As ultramafic-hosted hydrothermal systems contribute significantly to global hydrothermal cycling of 
water through the ocean crust, they most certainly also have a profound impact on ocean carbon 
budgets as well as the global carbon cycle. A major source for dissolved organic carbon (DOC) in the 
oceans is the photosynthetic fixation and reduction of atmospheric CO2 in the surface ocean, which is 
followed by further microbial processing and it represents a major regulation mechanism for 
atmospheric CO2 levels (Flerus et al., 2012). Over time, this process results in the accumulation of 
large amounts of in particular recalcitrant forms of DOC in the deep ocean that exhibit a very low 
reactivity (Jiao et al., 2010). In context of global hydrothermal circulation the entire water volume of the 
oceans is cycled through high temperature systems (350 °C) over 20-40 million years (Elderfield and 
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Schultz, 1996). It is known that this circulation has a strong impact on different forms of dissolved 
carbon and experimental studies confirmed that in general organic molecules can be degraded when 
they are subjected to hydrothermal conditions (Siskin and Katritzky, 1991; Lang et al., 2006). It is not 
well established, however, to what extend recalcitrant DOC is effectively removed from the ocean 
reservoir through hydrothermal cycling and moreover what changes exactly are imposed on the 
composition of DOC. 
1.2.5 Serpentinization associated mass transfer 
In general serpentinites are estimated to constitute up to 25% of the seafloor formed at ridges 
spreading at less than 40 mm/year, while the associated serpentinization may extend up to 3-4 km 
into the footwall of axial detachment faults and might transform as much as 0.18 km3 of fresh mantle 
peridotite per year (Cannat et al., 2010). In contrast to the ubiquitous seafloor weathering that imposes 
overall subtle bulk geochemical modifications to the basaltic oceanic crust, serpentinization is often 
pervasive. This already indicates that, besides its significance in sustaining vent sites and 
chemosynthetic communities, the process of serpentinization also plays a crucial role in the 
geochemical exchange (mass transfer) between hydrosphere and lithosphere. Moreover, 
serpentinization is not restricted to spreading centre environments. Additional serpentinization occurs 
when deep subduction associated bent faults enable fluids to infiltrate additional portions of fresh 
mantle rocks. Of predominant importance is the fact that the process involves the addition of large 
amounts of water to the crust, which is incorporated in serpentine minerals (Mg3Si2O5(OH)4) and 
brucite (Mg(OH)2). Multiple studies showed that along with the water, serpentinites also can 
incorporate large amounts of fluid-mobile elements like B, Li, As, Sb, Pb, U, Cs, Ba or Sr (e.g. Hattori 
and Guillot 2007; Guillot and Hattori 2013). Consequently, as the serpentinized mantle peridotites are 
eventually subducted large amounts of water can be transferred deep down into the crust (Deschamps 
et al., 2013). Subsequently different serpentine mineral phases (e.g. lizardite, chrysotile or antigorite) 
become instable at individual depth and the released water gets injected into the overlying mantle 
wedge. Water injections can result in secondary serpentinization and partial melting in the mantle 
wedge that eventually triggers arc volcanism (Marschall et al., 2007; Deschamps et al., 2011) (see 
Figure 5; Deschamps et al. 2013). In addition to these already far-reaching consequences, the 
presence of mechanically weak serpentine minerals in the subduction zone can lubricate fault planes 
and hence contribute to the relative plate movement and is likely to play a key role in the triggering of  
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Figure 1.9: Schematic cross section of a subduction zone indicating different settings of 
serpentinization and transfer of fluid-mobile elements; drawn by Deschamps et al. (2013). 
earthquakes (Hirth and Guillot, 2013). Destabilization of the subduction channel can be further 
facilitated through diapiric buoyant rising of low-density serpentinized lithologies (Guillot et al., 2009). 
In this context, water transfer associated with sequential serpentinization reactions, is always 
accompanied by a comprehensive transfer of fluid mobile elements. Some of them hold a great 
potential as tracers for multiple subduction zone related mass transfer processes (Straub and Layne, 
2002; Straub and Layne, 2003; Marschall et al., 2007).  
1.2.6 Rodingites and troctolites 
While they affect different lithologies, some types of metasomatic processes are closely related 
to serpentinization. This is particularly true for rocks that are affected by serpentinization fluids as they 
occur in the same geological setting as serpentinites.  
Rodingitization is a type of diffusional metasomatism that occurs at the lithological contact 
between serpentinites and felsic or mafic rocks (Frost and Beard, 2007). It is frequently observed in 
ophiolites where it affects felsic-mafic intrusions or dykes impregnated into serpentinized ultramafic 
rocks or the country rocks adjacent to the ultramafic body (Li et al., 2004; Jöns et al., 2010). Typical 
mineral assemblages comprise grossular, prehnite, clinozoisite, chlorite, hydrogrossular, wollastonite, 
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xonotlite, diopside, amphibole, epidote, vesuvianite, pectolite and zeolites (Austrheim and Prestvik, 
2008). The process is driven by steep gradients in proton and silica activity imposed by the presence 
of a serpentinization buffered fluid (e.g. within pore space) at the lithological contact (Bach and Klein, 
2008). Both proton and silica activity are expected to be exceptionally low within a serpentinization 
fluid if it is buffered by a serpentine-brucite assemblage (<315 °C). If a gabbroic rock is successively 
hydrated in this context, the desilication of plagioclase (Ca/Si = 0.5) results in the formation of a 
variety of Si-poor Ca-Al silicates like prehnite (Ca/Si = 0.67), clinozoisite (Ca/Si = 0.67), grossular 
(Ca/Si = 1), wollastonite (Ca/Si = 1), xonotlite (Ca/Si = 1), or hydrogrossular (Ca/Si > 1). While the 
replacement of plagioclase by these phases results in a release of silica, the existing silica activity 
gradient assures a continuous diffusional loss of silica that helps to sustains the rodingitization. 
Excess Al from plagioclase dissolution is frequently found in chlorite that constitutes a common Fe-Mg 
silicate among the alteration products (eq. 10) (Frost and Beard, 2007). 
 
      
        
eq. 10 
Persistently low silica activities can lead to further desilication of 1st generation Ca-Al silicates and 
produce ultra-low silicate minerals like hydrogrossular (Frost et al., 2008). Diffusional gain of silica on 
the serpentinite side of the lithological contact can be accommodated by the partial reaction of brucite 
to serpentine as long as the buffer capacity of the serpentinization fluid is not completely overwhelmed 
by comprehensive plagioclase destruction in the gabbro, which eventually might result in the formation 
of talc rich zones (Bach and Klein, 2008). Rodingitization is often considered as a Ca-metasomatic 
process, which is somewhat misleading, as the driving force is clearly the low silica and proton activity. 
In fact, rodingites are usually enriched in Ca relative to the alterated lithology simply because the Si-
poor Ca-Al silicates are in particular stable at low silica activities, and silica alongside additional 
components like Na are removed through diffusion (Bach et al., 2013). Serpentinization fluids, 
however, can be enriched in Ca derived from the breakdown of clinopyroxene during the alteration of 
the mantle rock. Within the strongly alkaline fluids, a significantly increased fraction of Ca is present as 
hydroxy complexes (CaOH+) and hence Ca can be transferred into the rodingites via diffusion along a 
steep concentration gradient (Bach and Klein, 2008). As low silica activities are a necessity for 
rodingitization, the process is restricted to conditions where brucite is part of the equilibrium mineral 
assemblage (< 315 °C). At higher temperatures brucite is not stable and the system is buffered at 
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higher silica activities by a talc-tremolite-serpentine equilibrium and will form monomineralic chlorite 
blackwalls instead of rodingites (Bach et al., 2013). Rodingitization is good example to highlight the 
extreme chemical fluid characteristics that result from serpentinization.
Troctolites are rocks that are predominantly composed of Mg-rich olivine and Ca-rich plagioclase 
± clinopyroxene and are usually associated with the lower crust and the mantle-crust transition zone 
(MTZ). From the previously outlined constraints on the structure and formation of the oceanic crust at 
slow spreading ridges it is clear that this zone can also be closely associated with oceanic core 
complexes and hence be partially exposed at the seafloor (see Figure 3) (Dick et al., 2008; Blackman 
et al., 2011; Sanfilippo et al., 2013). Troctolites were frequently considered to represent magmatic 
cumulates but a series of more recent studies suggest a more complex and variable origin (Blackman 
et al., 2011). A detailed formation hypothesis has been proposed based on detailed investigations of 
olivine-rich troctolites recovered from the Atlantis Massive (IODP expedition 304-305) (see Figure 10) 
(Suhr et al. 2008).  
 
Figure 1.10: Model for the formation of olivine-rich troctolites drilled from Atlantis Massive sketched by 
Suhr et al. (2008). During a 1st magmatic cycle an intrusion is emplaced at the MTZ and results in 
partial dunitization of the surrounding mantle-peridotite. In a 2nd magmatic cycle another melt body 
underplates the previous one and trapes sheets of dunite, which are intensly percolated by melt that 
eventually precipitates plagioclase and diopside in the interstitials resulting in troctolite formation. 
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A key observation is that the olivine component of the Atlantis Massive troctolites exhibits a 
distinct mantle composition, whereas mineral chemistry of the plagioclase resembles those of a 
MORB melt. Moreover, measurements of olivine crystallographic preferred orientations (CPO) indicate 
an affection by melt impregnation and finally, larger magmatic units, interpreted as magmatic intrusion 
were documented in association with the sampled troctolite layers (Suhr et al., 2008; Drouin et al., 
2010). Suhr et al. (2008) suggest that the olivine-rich troctolite formed from an original typical mantle 
peridotite in context of multiple successive magmatic intrusions as well as underplating. The process 
starts with the transformation of harzburgite into a typical mantle transitional dunite at the base of an 
initial magmatic intrusion (see Figure 10, 1st cycle). Dunitization is a common process that can result 
from percolation of basaltic melts through a lherzolite or harzburgite at near solidus temperature and 
which selectively removes the pyroxene component (Drouin et al. 2010; see Figure 11, [1]). In a 2nd 
magmatic cycle basaltic melts underplate the initial intrusion and in this context screens of dunite get 
embedded in between and are intensely percolated by the basaltic melt.  
 
Figure 1.11: Model for the formation of olivine-rich troctolite developed by Drouin et al. (2010) 
depicting the initial dunitization of troctolite and the successive weakening of crystallographic prefered 
orientations in context of increasing melt impregnation. 
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This results in a desegregation of the olivine-rich matrix, partial dissolution of olivine grains 
(indicated by olivine CPO) and at last the precipitation of plagioclase ±clinopyroxene in the interstitials 
(see Figure 10, 2nd cycle and 11, [2]) (Suhr et al. 2008; Drouin et al. 2010). The observations made in 
this context are in particularly important as they highlight the rather strong magmatic activity that can 
be associated with oceanic core complex formation and also slow and ultraslow spreading ridges in 
general despite their traditional perception as rather magmatic poor settings. In this light Drouin et al. 
(2010) emphasize the assessment of earlier studies that OCCs might actually be the expression of 
spreading phases of rather high magmatic activity. They further speculate that impregnated lithologies 
(mantle peridotites to gabbroic rocks) might constitute a significant building block of lower crustal 
architecture.  
Considering that troctolites can be found in association with oceanic core complexes, and 
olivine constitutes a major component of the rock, it is reasonable to assume that they can be subject 
to comprehensive serpentinization reactions just like mantle peridotites. However, only a few studies 
exist that focus on the alteration of troctolites (Frost et al., 2008; Nakamura et al., 2009; Beard et al., 
2009). One study by Frost et al. (2008) emphasizes that the alteration process resembles 
rodingitization with the major difference that the key components olivine and plagioclase are combined 
in one rock. The documented mineral assemblage in the investigated samples comprise both, 
minerals that are indicative of serpentinization like serpentine, magnetite, brucite and talc, as well as 
phases typical for rodingites like prehnite, grossular, clinozoisite, chlorite, hydrogrossular and tremolite 
(Frost et al., 2008; Nakamura et al., 2009). Similar to rodingitization, the driving force for troctolite 
alteration is considered to be an exceptionally low silica activity that is imposed by the serpentinization 
of the olivine component and facilitates the successive desilication of plagioclase resulting in the 
formation of silica-poor Ca-Al silicates (Frost et al., 2008). The observation that magnetite is an 
abundant phase in altered troctolites also implies a great potential for H2 production and indeed the 
serpentinization of olivine-rich troctolites was recently suggested to be the source for H2-rich fluids 
venting from the Kairei hydrothermal vent field (Nakamura et al., 2009). In addition to magnetite, 
andradite-rich garnet was observed in altered troctolites from Kairei and as it equally incorporates 
ferric iron, its formation can potentially produce additional H2 (Nakamura et al., 2009). Hence, troctolite 
alteration might play an important role in the formation and sustainment of hydrothermal systems and 
vent sites similar to the serpentinization of peridotites. Furthermore, the composition of troctolites 
closely resembles the chemistry of komatiites and hence its alteration might be a good analogue for 
Introduction    23
komatiites hydration processes that might have played a crucial role as an energy source for early life 
(Kumagai et al., 2008). However, the knowledge on the exact nature of troctolite alteration processes 
is limited to the information derived from a few natural samples and thermodynamic modelling studies 
and often rather focuses on rodingitization (Frost et al., 2008; Bach and Klein, 2008; Nakamura et al., 
2009; Beard et al., 2009; Nozaka and Fryer, 2011). Little is known especially about the temperature 
dependence of the reaction and experimental data does not exist.  
1.3 Experimental techniques for studying hydrothermal systems 
Numerous studies have been dedicated to the research of fluid-rock interactions and in 
particular processes occurring in hydrothermal systems. A common approach is the comprehensive 
petrological, mineralogical, biological and geochemical investigation of rock and fluid samples 
collected during field expeditions either to present day active vent sites and hydrothermal system or to 
ancient analogues that exist in the form of ophiolites. Thermodynamic reaction path modelling can be 
used to model fluid-rock interactions over a wide range of pressures, temperatures and water-rock 
ratios and hence it provides an important tool to make comprehensive predictions and gain additional 
insight on the metasomatic processes. However, uncertainties in and in particular missing 
thermodynamic and kinetic data impose limitations to the potential of reaction path models to describe 
and correctly predict processes in natural systems. Hence, model predictions have to be 
crosschecked with observations made on natural samples, however it is often difficult to constrain the 
exact conditions that produced a specific alteration product mineral assemblage or fluid composition. 
Parameters like P, T, W/R ratio or Eh / pH are estimated based on other characteristics of rock or fluid 
samples like 87Sr/86Sr, δ18O or certain indicator minerals, which imposes additional uncertainty. 
Appealing to experimental investigations is the fact that these parameters can be precisely controlled. 
Hence, experimental studies of fluid-rock interactions represent an important stepping-stone between 
observations and conclusions derived from studying natural samples and thermodynamic modelling. 
An increasing group of petrologists, geochemists and mineralogists have consequently started to use 
a variety of in particular custom made experimental setups to study fluid-rock interactions in a 
controlled environment. However there are several requirements to this equipment imposed by the 
nature of the studied systems that have to be considered. Fluid rock interactions usually prevail under 
elevated pressure and temperature levels, which means several hundreds of °C and bars for the 
processes occurring at or beneath the seafloor at mid ocean ridges. Furthermore, measurements 
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revealed that natural hydrothermal fluids with their wide range of reducing to oxidizing as well as 
alkaline to acidic characteristics can be extremely corrosive (Seyfried et al., 1987). Hence, the 
materials used in such experimental equipment do not only have to cope with high pressure and 
temperature levels but those surfaces that are in direct contact with the reacting components (fluids 
and solids) have to be sufficiently inert to resist corrosion and avoid contamination, which both would 
preclude the direct application of the experimental results to natural systems (Dickson et al., 1963; 
Seyfried et al., 1987). In addition to the requirement of an independently adjustable pressure and 
temperature level, the setup has to provide a means for assessing reaction progress as well as to 
quantify the nature of the on-going reaction.  The equipment should further be designed in way that 
allows for convenient operation and time effective conduction of experiments. Finally suitable safety 
measures should guarantee the wellbeing of the experimentalist (Seyfried et al., 1987). 
1.3.1 Flexible reaction cell setups 
One of the experimental designs that satisfies the outlined requirements and allows for a 
practical investigation of equilibrium processes associated with hydrothermal water –rock interactions 
is the flexible reaction cell setup that was initially described by Dickson et al. (1963). In this setup the 
fluid and / or mineral reactants reside within a flexible reaction cell consisting of a chemically inert and 
in general corrosion resistant material (e.g. Au, Ti or Teflon®). The sealed reaction cell is encased in a 
pressure vessel that is filled with distilled water and an external pressure line connected to this 
reservoir allows for the application of variable isostatic pressure on the reaction cell. The pressure 
vessel itself is fitted into some kind of heater arrangement that is designed in way that enables 
homogeneous heating over a range of temperatures that are desired for the experiment. An additional 
access tube that reaches into the pressure vessel and is connected to the flexible reaction cell permits 
repeated sampling of the reaction fluid from the running experiment over a custom fitted external valve 
while externally controlled pressure and temperature can be maintained on a constant level (Seyfried 
et al., 1987). As the materials used for the reaction cells are easily deformable at elevated 
temperatures, sampling can be achieved just by carefully opening the valve and the force exerted on 
the cell by the surrounding pressure medium results in fluid being squeezed out of the cell through the 
valve (Seyfried et al., 1979). The first reaction cells used in anhydrite and barite solubility studies were 
made of Teflon®, which is chemically inert and flexible at elevated temperature (Dickson et al., 1963; 
Blount, 1977), however at temperatures above 285 °C the material begins to decompose and even at 
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lower temperatures it can act as an osmotic membrane that allows H2O and several molecular species 
(H2S, H4SiO4, CO2) to escape from the cell by diffusion (Bischoff and Dickson, 1975; Seyfried et al., 
1979). To overcomes this limitation, experimentalist started using reaction cells made of gold, which is 
flexible, inert and effectively impermeable to gases below 750 °C (Rytuba and Dickson, 1974; Chou, 
1983). If it is exposed to temperatures above 400 °C for longer time periods however partial 
crystallization will result in successive hardening and eventually cracks will develop and jeopardize the 
physical integrity of the cell (Seyfried et al., 1987). While the initial reaction cells were closely fixed to 
the access tube and had to be cut open upon experiment finalization, Seyfried et al. (1979) 
implemented a resealable titanium closure that enabled an easy removing and attaching as well as 
reusability of the reaction cell. The setup used for the experiments conducted in the framework of this 
thesis is essentially identical to this original design, however as it is also custom made it exhibits a few 
additional modifications and deviations. In detail the specifications of the setup are described by 
Anders (2012). 
The raw pressure vessel is made of stainless-steel (T316, max. 400 °C and 565 bars), was purchased 
from Parr Instruments Company® and it consists of a cylindrical container (335 ml volume) and a 
headpiece. An O-ring gasket made of Teflon® (useable up to 200 °C) or graphite (higher temperatures, 
Grafoil®) is placed between the two components and provides a tight seal in combination with a split  
Figure 1.12: One of the flexible reaction cell experimental setups used for the conducted experiments 
of this PhD thesis. The pressure vessel with split-ring closure is depicted on the left. Samples can be 
taken form the reaction cell over a titanium access tube (Vs). The pressure line is connected to V4, 
whereas the connector for a thermocouple and the outlet over a safety rupture disc is visible on the far 
left. The entire setup (picture on the right) is connected to a controller unit (lower left corner), whereas 
the pressure line is connected to a valve system enabling the isolation of the pressure vessel. 
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ring closure. The headpiece exhibits several bore holes for (1) the access tube, (2) the connection to 
the pressure line, (3) a thermocouple reaching into the vessel that enables precise temperature 
surveillance and (4) a safety rupture disc that prevents a potentially dangerous uncontrolled failure of 
the vessel upon an eventual unforeseen pressure built-up. The pressure line is connected to an 
external valve system, which contains a backpressure release valve that limits and independently 
adjusts the pressure inside the cell to a pre-defined maximal value (see Figure 12). A pressure 
transducer continuously feeds up-to-date pressure data into a control unit and by opening the valves, 
the vessel can be connected to a hydraulic pump to adjust the pressure level. The access tube as well 
as the Teflon® packed sampling needle valve are made of titanium. The titanium closure connecting 
the access tube to the gold cell deviates from the original design that does not require several 
pressing screws (which can eventually be affected by seizing) but instead uses a bayonet connector to 
generate pressure for a tight seal (Anders 2012; Seyfried et al. 1979; see Figure 13). It consists of a 
Ti-plug (connected to the access tube), which is fitted into the open side of the cylindrical gold reaction 
cell. The seal is subsequently established by the bayonet closure mechanism between the flanged rim 
of the plug and the flanged rim of the reaction cell. A ¼ inch Ti-frit sitting in a recess at the base of the 
plug assures an internal filtration, which is crucial to keep solid reactants inside the reaction cell during 
sampling (Seyfried et al., 1987).  
 
Figure 1.13: Mechanical drawing of the custom made bayonet closure consisting of three titanium 
components. A Ti-plug equipped with a Ti-frit (200 µm) and a flanged rim is fitted into the opening of 
the gold reaction cell that exhibits a matching flanged rim. The Ti-plug is connected to the titanium 
access tube that reaches out of the pressure vessel. A tight pressure-seal is achieved when the two 
ring components are fitted into each other and rotated in opposite directions like a thread.  
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All Ti-components that eventually get in direct contact with the sampled fluid were previously heated to 
400 °C in air to, create a passive surface layer of titanium oxide that also helps to prevent other 
catalytically reactions. The gold reaction cell (100 ml volume, 0.25 mm wall thickness) itself constitutes 
a cylindrical open vessel with a flat bottom and a flanged rim at the opening (see Figure 14). 
Prior to each experiment, reaction cell and Ti-components were thoroughly rinsed with diluted HCl, 
HNO3 and re-conditioned with ultrapure water to prevent any contamination from previous runs. The 
empty cell is connected to the Ti-closure, submerged in ultrapure water and leak tested through 
pressurization with N2 over the sampling line. Subsequently solid reactants are carefully weight into 
the cell and also the fluid reactant is administered while documenting the exact weight. Volume 
expansion of the fluid at experimental conditions has to be accounted for by leaving a sufficient empty 
excess volume (Burnham et al., 1969; Bischoff and Rosenbauer, 1985; Seyfried et al., 1987). Prior to 
sealing and confining the reaction cell inside the pressure vessel the reaction fluid was thoroughly 
purged with N2 to remove dissolved oxygen from the fluid as oxygen fugacities are usually low in 
serpentinization environments (McCollom and Seewald, 2003). Trapped air in the headspace of the 
cell and within the sampling line was replaced with N2. This was achieved through repeated flushing of 
N2 over the sampling valve after the reaction cell was connected to the Ti-closure mechanism.  
Figure 1.14: Head of the pressure vessel with an attached flexible gold reaction cell (unsealed). An 
additional detached set of reaction cell and upper part of the closure mechanism is depicted as well. 
At this point possible leaks at the connection or the reaction cell can be identified. The pressure vessel 
is filled with distilled water and after connecting head and body of the pressure vessel and readily 
confining the reaction cell, the gaseous headspace is removed via initial pressurization over the 
pressure line. The vessel is placed in an electric ceramic heater arrangement (Parr Instruments 
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Company®) and heated to the designated reaction temperatures. In this context the pressure applied 
to the reaction cell will rapidly increase to the maximum set by the pressure release valve as the 
volume of the distilled water in the pressure vessel increases with increasing temperature. The applied 
heating program is controlled via a controller unit that adjusts the program in response to temperature 
data fed from the thermocouple that reaches into the cell. Periodic fluid sampling from the running 
experiment can be conducted over the sampling valve that exhibits a Luer-Lock adapter for a 
convenient connection of either gas-tight Hamilton® or PP/PE plastic syringes, while maintaining 
pressure and temperature at constant level. At the beginning of each sampling process about 1.5 ml of 
dead volume residing in the unheated part of the sampling line beyond the Ti-frit have to be discarded. 
If salt-rich solutions like seawater are used, concomitant salinity measurements provide a good tool for 
identifying possible leaks between the reaction cell and the surrounding pressure medium. Taken 
samples can be used for quantification of pH, dissolved gaseous compounds (e.g. H2, CH4, CO2) and 
elemental budgets (e.g. Na, Ca, K, Si, Mg, Fe, Mn, Li, B, Al). Consecutive sampling is only possible 
until the increasingly squeezed gold bag approached about 40% of its total volume, as further volume 
reduction results in a dramatically increased risk of damaging the cell. Terminating the experiment can 
take several hours depending on the reaction temperature (higher = longer), as the massive metal 
body of the pressure vessel has to cool in air. Quenching with water is highly hazardous as it results in 
excessive metal stress and it is hence not recommended (Seyfried et al., 1987). As pressure 
decreases much faster than temperature, repeated pressurization of the system is required to prevent 
the fluids within vessel from falling below the vapour pressure curve and boiling. When the setup is at 
a reasonable temperature (< 80 °C), pressure is released and after removing the split-ring closure the 
head of the pressure vessel with the cell still attached is placed in holder and the gold bag is inflated 
through N2 pressurization over the sampling line. After detaching the reaction cell from the Ti-closure, 
solid reactants can finally be retrieved and subjected to a comprehensive characterization. If the gold 
reaction cell is undamaged another experiment can be started without any greater effort after applying 
a brief cleaning procedure (see above). 
1.4 Motivation & Outline 
Fluid-rock interactions in hydrothermal systems are a determinant element in the 
comprehensive geochemical exchange between seawater and the ocean crust and are also key to the 
crucial mass transfer occurring in subduction zone related environments.  
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In this context the process of serpentinization is in particularly important, as it constitutes a 
pervasive hydration of ultramafic lithologies that is not only accompanied by fundamental changes in 
physical properties of the rock (e.g. rheology, density and magnetic susceptibility) but also results in a 
crucial modification of chemical budgets. With an average water content of >10%, serpentinites also 
play a vital role in the transfer of large water masses into subduction zones that contributes to the 
hydration of the mantle wedge and can trigger partial melting and consequently arc volcanism.  
Furthermore, serpentinization driven hydrothermal systems and the associated vent sites 
represent unique geochemical environments with high alkalinity fluids that are potentially extremely 
enriched in H2 and CH4. These systems can sustain highly specialized chemosynthetic microbial 
communities that provide the basis for entire food webs that are completely independent from 
photosynthesis derived energy and are moreover a promising candidate for the origin of life.  
In context of global hydrothermalism in general, water is constantly cycled through the oceanic 
crust at elevated temperature levels. In addition to the chemical and mineralogical changes imposed 
on the rock, this cycling also results in a fundamental modification of seawater chemistry. This 
includes a large reservoir of marine dissolved organic matter (DOM), which in part provides an 
important energy source for heterotrophic life forms and represents a large reservoir of C, comparable 
to CO2 in the Earths atmosphere.  
Due to their crucial role in the earths system these processes that are associated with 
hydrothermal circulation and alteration of the oceanic crust, have been subject to numerous studies. 
Many conclusions could be derived by comprehensive investigations of rock samples collected from 
the seafloor or in ophiolites, through the application of geophysical techniques or by sophisticated 
thermodynamic modelling. However, in field studies it is often difficult to constrain the exact conditions 
that led to a specific alteration in a rock or to a certain fluid composition. Parameters like P, T, W/R or 
pH have to be estimated on other rock characteristics and these estimates usually hold a large 
uncertainty. Then again thermodynamic modelling, while it is a powerful tool to investigate and make 
predictions about water-rock interactions at different conditions, suffers from a lack of or uncertainties 
in thermodynamic data. 
Experimental techniques can be used to simulate water-rock interactions and hydrothermal 
processes under well-defined laboratory conditions. Variations in fluid composition and product 
mineral assemblages that occur at precisely defined conditions can be documented and compared to 
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field observations and results of thermodynamic modelling to fundamentally improve our 
understanding of these processes. However in many cases profound experimental data is still missing. 
Consequently, the aim of this PhD project was to use sophisticated experimental techniques for a 
systematic investigation of some highly significant alteration processes that are associated with the 
systems outlined above and which are in desperate need for profound experimental data.  
The conducted experimental studies are presented in the following three chapters and the 
thesis is complemented by a final conclusion and outlook. 
Chapter 2: “New insight on Li and B isotope fractionation during serpentinization derived from 
batch reaction investigations” (contributions of different authors specified in the Appendix, p.173) 
Authors: Christian T. Hansen, Anette Meixner, Simone Kasemann, Wofgang Bach (Geochimica et 
Cosmochimica Acta, to be submitted) 
Hydration and dehydration reactions associated with serpentinization constitute a critical mass 
transfer between the oceans, the ocean crust and the Earths mantle and become especially important 
in subduction zone related environments. The fluid mobile elements Li and B show a strong elemental 
partitioning as well as distinct isotope fractionation during serpentinization and are hence promising 
proxies for the occurring mass transfer. However, the superimposed effects of P, T and fluid fluxes 
often complicate the interpretation of Li and B concentrations and isotope ratios measured in natural 
samples. Two long-term (>220 days) experiments were conducted to investigate Li and B elemental 
partitioning and isotope fractionation during serpentinization at different temperature levels (100 °C 
and 200°; 400 bars). Fresh mantle olivine was reacted with seawater like fluids that were adjusted in 
composition with respect to Li and B. The fractionation process was evaluated based on the 
characteristics of reaction concomitant fluid samples and solid reaction products retrieved at the end 
of the experiments. Results of additional thermodynamic reaction path modelling were used to 
improve the interpretation of the data obtained from the experiments. Partitioning as well as isotope 
fractionation coefficients were derived and compared to literature data. 
Chapter 3: “Hydrothermal troctolite alteration at 300 and 400 °C – First insight from flexible Au-
reaction cell batch experimental investigations” (contributions of different authors specified in the 
Appendix, p.173) 
Authors: Christian T. Hansen and Wolfgang Bach (American Mineralogist, to be submitted) 
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Troctolites are increasingly recognized as a common rock found in association with oceanic 
core complexes. With olivine being a major component, these rocks can be affected by 
comprehensive serpentinization and hypothetically have a high potential of producing significant 
amounts of H2 that could sustain chemosynthetic life. This potential is in particularly interesting as 
troctolites exhibit a similar composition as komatiites, which were likely the predominantly 
serpentinized type of rock on ancient Earth and might have played an important role in the emergence 
of life. However, the current knowledge on the alteration behaviour of troctolites is based on a handful 
of studies and samples. For the first time a comprehensive experimental investigation of the alteration 
of troctolites under hydrothermal conditions was conducted. A Dickson-type flexible reaction cell setup 
was used to react fresh forsterite-rich olivine and anorthite-rich plagioclase, in proportions of an 
olivine-rich troctolite, with seawater like fluids. Two experiments were conducted at 300 and 400 °C 
(400 bars) to test the impact of brucite instability at higher temperature. Repeated sampling of the fluid 
phase provided information on reaction progress and produced amounts of H2 and CH4. A 
comprehensive characterization and interpretation of the alteration process was based on the 
retrieved reaction products and comparative reaction path modelling. 
Chapter 4: “Molecular alteration of marine dissolved organic matter under experimental 
hydrothermal conditions” (contribution to this study accounts for approximately 30%) 
Authors: Jeffrey A. Hawkes, Christian T. Hansen, Tobias Goldhammer, Wolfgang Bach and Thorsten 
Dittmar (Geochimica et Cosmochimica Acta, published) 
This chapter was included, as the experimental work I conducted in cooperation with Jeff 
Hawkes (Research Group for Marine Geochemistry, Carl von Ossietzky University of Oldenburg, 
ICBM) accounted for a major part of my PhD studies. My contribution to this project includes the 
execution and in parts the design of the experiments as well as quantification of CH4 and CO2. I also 
helped in the interpretation of the data and provided sections on experimental design, setup and 
volatile quantification (CH4, H2) for the manuscript. Consequently the chapter does not cover the entire 
manuscript, but instead focuses on the execution of the experiments and the experimental design. 
This information is complemented by a brief introduction to the topic and a summary of the major 
findings. The aim of the study was to investigate how the large pool of marine DOM is affected by 
hydrothermal cycling of seawater at elevated temperatures. A large fraction of marine DOM is not 
affected by biological or reactive surface processes and hydrothermal circulation at higher 
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temperatures is considered to be the major sink for this DOM. We conducted multiple experiments to 
investigate the temperature dependency of the degradation process (100 °C, 170 °C, 200 °C, 230 °C, 
300 °C, 380 °C; 400 bars). In addition to the absolute variability in concentrations, determination of the 
molecular diversity of the organic compound enabled a detailed characterization of the alteration 
process.  
1.5 Scientific contributions 
The scientific work conducted in the framework of my PhD studies resulted in two first-author 
manuscripts that are presented in chapter 2 and 3 as well as two co-authorships (one of them 
presented in chapter 4).  
The results of additional experiments, conducted to investigate the high temperature stability of 
marine DOM, contributed to a manuscript by Hawkes et al. (2015). I also contributed the respective 
methods section to the manuscript (1). 
(1) Hawkes, J.A., Rossel, P.E., Stubbins, A., Butterfield, D., Connelly, D.P., Achterberg, E.P., 
Koschinsky, A., Chavagnac, V., Hansen, C.T., Bach, W., and others (2015) Efficient removal of 
recalcitrant deep-ocean dissolved organic matter during hydrothermal circulation. Nature 
Geoscience, 8, 856–860. 
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2.1 Abstract 
Multiple batch experiments (100 °C, 200 °C; 400 bar) were conducted using Dickson-type 
reactors, to investigate Li and B partitioning and isotope fractionation during serpentinization. We 
reacted fresh olivine (5g; Fo90; [B] = <0.02 μg/g; [Li] = 1.66 μg/g; δ7LiOlivine = 5.26 ‰) with seawater-like 
fluids (75 ml, 3.2 wt.% NaCl), which were adjusted in composition with respect to Li (0.2, 0.5 µg/ml; 
and δ7LiFluid ~ 56 ‰) and B (10 µg/ml and δ11BFluid ~ -0.35 ‰). At 200 °C a reaction turnover of about 
70% and an assemblage matching equilibrium thermodynamic computational results (EQ3/6) could be 
confirmed after 224 days runtime. Characterization of concomitant fluid samples indicated a distinct B 
incorporation into solid reaction products (55.61 µg/g; DS/FB200°C = 13.42) and a preferential uptake of 
the lighter 10B isotope (Δ11BS-F = -3.46 ‰). Despite a low reaction turnover at 100 °C (<12%), 
considerable amounts of B were derived from the fluid corresponding to 25.33 µg/g in solid phases. 
Isotope fractionation was stronger (Δ11BS-F = -9.97 ‰) and considering reaction turnover, B uptake is 
facilitated at 100 °C (DS/FB100°C = 24.20). Isotope fractionation was low compared to predictions made 
by earlier studies (Liu and Tossell, 2005; Wunder et al., 2005). We discuss an attenuation of the 
isotopic effect through changes in B speciation in saline solutions (NaB(OH)4(aq) and B(OH)3Cl-) as 
well as variable B fixation and fractionation for different serpentinization product minerals (brucite, 
chrysotile). Lithium was overall leached from the solid fraction at 200 °C as uptake by alteration 
phases was very small compared to input into the fluid by dissolved portions of olivine (0.77 µg/g; 
DS/FLi200°C = 1.58). Then again a minor total uptake was observed at 100 °C (2.10 µg/g; DS/FLi200°C = 
11.30). First order changes in isotopic compositions were constrained by mixing of two isotopically 
distinct budgets rather than by equilibrium isotope fractionation. At 200 °C primary olivine is dissolved, 
releasing its Li budget into the fluid which shifts towards a lower δ7LiF of 38.62 ‰. Formed serpentine 
minerals, incorporate fluid derived Li with a minor preference of the 6Li isotope (δ7LiS = 30.58 ‰). At 
100 °C a minor enrichment of Li was accompanied by preferential incorporation of the 7Li isotope that 
might be due to incorporation of a 7Li enriched fluid fractions into chrysotile nanotubes. 
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2.2 Introduction 
2.2.1 Serpentinization 
Serpentinization is a key process in the geochemical cycle between seawater and lithosphere in 
oceanic spreading environments and subduction zones. In particular along slow and ultraslow 
spreading mid-ocean ridges ultramafic rocks are exposed at the seafloor in oceanic core complexes 
that form as a consequence of detachment faulting and exhumation (Smith et al., 2008; Smith et al., 
2012). Serpentinization is also ubiquitous in rifted continental margin settings (e.g. Beard and 
Hopkinson, 2000) and it further affects the lithospheric mantle in bent faults of the outer rise (Ranero 
et al., 2003). Finally, we observe serpentinization of the mantle wedge and deserpentinization of 
serpentinites in the downgoing slab in subduction zone settings (Deschamps et al., 2011). 
A critical consequence of serpentinization is the profound modification of physical properties, 
such as rheology, density, and magnetic susceptibility, as well as heat budgets and moreover its 
importance as a potential energy source for deep life through the release of H2 and CH4 (Toft et al., 
1990; Escartín et al., 2003; Sleep et al., 2004).  
The formation and breakdown of serpentine is also key to the cycling of water in the earths 
crust (Rüpke et al., 2004).  Recent estimates suggest that serpentinites with up to 13 wt.-% H2O might 
comprise as much as 25 vol.-% of the seafloor associated with slow spreading ridges (Cannat et al., 
2010). Additional serpentinite forming in bent faults comprises large quantities of water that can be 
transferred deep down in subduction zones, where different serpentine modifications destabilize and 
liberate water at individual depth (Deschamps et al., 2011). The upward migration of this water triggers 
partial melting or secondary serpentinization within the overlying mantle wedge and contributes to 
subduction zone fluxing and arc volcanism (Marschall et al., 2007). Related to this comprehensive 
transfer of water is also an exchange of fluid-mobile elements like Cl, Cs, Li, and B, between these 
different reservoirs (Straub and Layne, 2002; Straub and Layne, 2003). 
2.2.2 B and Li in serpentinization environments  
In recent years, B and Li received increasing attention as potential tracers for mass transfer 
processes that involve hydration and dehydration reactions (Marschall et al., 2007; Vils et al., 2008). 
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The strong elemental partitioning between rock and water is critical in making these tracers useful. 
Moreover, Li and B show characteristic isotope fractionation that can be used as proxy for water-rock 
interactions. But a quantitative treatment of B and Li element partitioning and isotope effects is often 
difficult because it is hard to deconvolute the effects of compositional and physical (p, T, fluid flux) 
variability. In approaching this problem, many clues about fundamental characteristics of the 
respective elemental cycles and the nature of fractionation mechanisms could be drawn by 
investigating samples of vent fluids, altered oceanic crust and abyssal serpentinites collected in the 
framework of the ocean drilling program (Vils et al., 2008; Vils et al., 2009; Deschamps et al., 2011).  
What is known is that seawater is a large B reservoir (4.5 μg/g; Spivack and Edmond, 1987), 
whereas mantle peridotite is extremely depleted in B (0.06 μg/g; Salters and Stracke, 2004).  Boron 
can become extremely enriched in the course of low to moderate temperature (<300°C) alteration and 
associated serpentine formation (Seyfried and Dibble, 1980; Bonatti et al., 1984). Serpentinites 
recovered from the seafloor show B contents up to >100 µg/g. Similarly high B contents were 
determined in serpentinized peridotites from drill holes in the MAR 15°20’N Fracture zone area (10 to 
65 μg/g in whole rock and up to 138 μg/g in serpentine spot analyses; Vils et al., 2008) (see Table 1).  
Boron isotopic composition are uniform in seawater B (δ11BSeawater = 39.5 ‰; Spivack and 
Edmond, 1987) but highly variable in serpentinites, ranging between compositions close to seawater 
down to those of fresh mantle peridotite and basalt (Spivack and Edmond, 1987; Vils et al., 2009).  
Due to the exceedingly low initial B concentrations of peridotites, the low δ11B of some serpentinites is 
not due to a contribution of rock-sourced B. Rather, serpentine mineral phases seem to preferentially 
incorporate 10B, which results in δ11BSerp.Peridotite values as low as 8.3‰ (Spivack and Edmond, 1987; 
Vils et al., 2009). Variability in the extent of B partitioning and isotope fractionation was found to 
predominantly depend on temperature and pH conditions involved in the serpentinization process 
(Bonatti et al., 1984; Spivack and Edmond, 1987). Also important are integrated water – rock ratios, 
the total degree of hydrothermal alteration and the effect of evolving composition of fluids involved in 
crustal penetration of variable depth (Boschi et al., 2008; Vils et al., 2009).  
In contrast to B, Li concentrations in unaltered peridotite (0.7 μg/g; Salters and Stracke, 2004) 
or mantle olivine (0.52 to 1.3 μg/g; Vils et al., 2008) are enriched relative to seawater (0.18 μg/g; Li, 
1982). Consequently, mixing of Li derived from the two isotopically distinct rock and seawater 
reservoirs (δ7LiSeawater = 31 ‰, δ7LiMantle = 4 ‰; Millot et al., 2004; Tomascak et al., 2008) plays a 
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crucial role in setting Li isotopic compositions of serpentinites. Altered peridotites can be enriched or 
depleted in Li (0.07 to 3.37 μg/g), but have an average concentration (0.67 μg/g) similar to fresh 
mantle rocks (Vils et al., 2008). Serpentinites originated from olivine-rich peridotites are usually 
depleted in Li. But rocks in which most of the Li is bound to clinopyroxene retain elevated contents of 
Li, because clinopyroxene often does not break down during serpentinization and may even scavenge 
Li (Vils et al., 2008). Lithium leaching is also indicated by roughly tenfold enrichment of Li in high-
temperature fluids venting in the Logatchev and Rainbow hydrothermal fields (Charlou et al., 2002 and 
references therein). 
The tendency of preferred 7Li leaching during serpentinization of olivine rich rocks results in a 
relatively light isotopic composition of serpentinites. Consequently, 6Li tends to become enriched 
(relatively) in the rock which acquires δ7LiSerp.Peridotite values as low as -28.46 (Vils et al., 2009). 
1.1.1 Constraining Li and B fractionation mechanisms 
In previous studies of Li and B systematics of abyssal serpentinites (Vils et al., 2008; 2009; 
Boschi et al., 2008; Foustoukos et al., 2008) mechanisms of partitioning and isotope fractionation were 
in part derived empirically by using rock and fluid data. However, employing this approach requires a 
comprehensive understanding of the specific characteristics and the history of the studied system. But 
temperature evolution of multi-stage alteration as well as integrated water-rock ratios are often not well 
known and have to be deduced from other data (δ18O, 87Sr/86Sr), introducing additional uncertainty. 
Several studies investigated the effect of B speciation within aqueous solutions and its dependency on 
fluid pH and composition (Kakihana et al., 1977; Palmer et al., 1987; Pokrovski et al., 1995) . In 
aqueous solutions, boron is either trigonally or tetragonally coordinated by hydroxy groups. The 
speciation is pH-dependent, such that the trigonal species (B(OH)3(aq) is more abundant at pH < 8, 
and the tetragonal species (B(OH)4-) predominates at higher pH (Kakihana et al., 1977). The stronger 
bonding environment leads to a preferred incorporation of 11B in the trigonal site, whereas 10B is 
enriched in the tetragonally coordinated species (Pokrovski et al., 1995). This fractionation within 
aqueous solution is then transposed on mineral phases (such as carbonates, clays or serpentine) 
when B is incorporated or adsorbed (Liu and Tossell, 2005). Additional fractionation is associated with 
the transition from an aqueous species to mineralogically bound B. Therefore isotope fractionation 
was frequently rationalized in terms of fractionation between different B species in aqueous solution 
and mineral phases. Following this approach fractionation factors were derived from ab initio 
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molecular orbital calculations (Liu and Tossell, 2005) and vibrational spectroscopic data (Sanchez-
Valle et al., 2005). While these studies consider the effect of pH, p, T and salinity to a variable extent, 
no model describes the effect of all parameters over a sufficient range at the same time. Moreover, 
individual characteristics of each mineral-water reaction exceeding coordination changes are not 
considered and the application is even more complicated if a system involves many different mineral 
phases. 
In secondary minerals formed during serpentinization, trigonally coordinated B is adsorbed onto 
brucite surfaces (Pokrovsky et al., 2005), whereas tetragonally coordinate B is structurally 
incorporated into tetrahedral sites in serpentine (Früh-Green et al., 2004; Pabst et al., 2011). These 
differences, combined with the isotope effects outlined above, result in variably mineral-bound 
fractions of B that are isotopically fractionated in opposite direction.  
Coordination changes between fluid and minerals are also crucial for Li fractionation (Wunder et 
al., 2011). In addition, potential storage of Li within chrysotile nanotubes and variations in Li-O bonding 
are key to isotope fractionation (Wunder et al., 2010; Wunder et al., 2011). Finally, the observed 
fractionation is strongly dependent on the intensity of fluid fluxing.  If incoming fluids are externally 
buffered (high integrated W/R) they maintain a rather constant isotopic composition throughout the 
alteration process. If, on the other hand, a batch of fluid is isolated from a large external fluid reservoir 
and allowed to evolve upon deep crustal penetration, Rayleigh type fractionation occurs and large 
isotopic variability may develop (Boschi et al., 2008; Foustoukos et al., 2008). The simultaneous 
interaction of so many factors in natural systems complicates the empirical determination of isotope 
fractionation as well as the application of theoretical models. 
Other studies therefore aim for an experimental quantification of elemental and isotopic 
fractionation. Fundamental insights into Li and B behaviour could be derived from a number of ultra 
high pressure (2-3.5 GPa) and moderately high temperature (500-900 °C) experiments (Wunder et al., 
2005; Wunder et al., 2006; Wunder et al., 2007). In these studies, Li or B bearing minerals like 
boromuscovite, spodumen or staurolite were first precipitated from oversaturated solutions and 
isotope fractionation between minerals and fluid was determined (Δ11BM-F or Δ7LiM-F). These synthetic 
minerals were then equilibrated with fluids of known composition far from expected equilibrium. Both 
steps yielded similar Δ11BM-F or Δ7LiM-F values, which allowed these researchers to determine the 
temperature dependant fractionation for near neutral and alkaline solutions. Marschall et al. (2009) 
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emphasize the importance of different degrees of B excess in these experiments when investigating 
Rayleigh type fractionation. The experimental approaches have in common that they use phases, 
scales and conditions far from those observed in typical serpentinization environments. Seyfried et al. 
(1984) and Seyfried and Dibble (1980) looked into the geochemical behaviour of B and Li during 
seawater – peridotite/basalt interaction without considering isotope fractionation and found that both 
elements are lost from the solution at low temperatures (<150°C) but leached from minerals at higher 
temperatures. 
To date, an experimental study investigating Li and B partitioning and isotope fractionation 
during serpentinization does not exist even though it was repeatedly pointed out by several authors 
(Boschi et al., 2008; Foustoukos et al., 2008; Wunder et al., 2010) that such data was needed.  
To help fill this critical gap in knowledge, we conducted multiple batch experiments reacting 
fresh olivine with seawater-like fluids. The fluids were adjusted in composition with respect to Li and B. 
Evolving fluid composition as well as geochemistry and mineralogy of solid alteration products were 
comprehensively evaluated to derive new insights on Li and B partitioning and isotope fractionation 
associated with serpentinization.  
2.3 Methods 
2.3.1 Experimental Setup 
All experiments were conducted using a custom-built flexible reactions cell setup, initially 
introduced by Dickson et al. (1963) and later significantly modified by Seyfried et al. (1987). The 
reacting components were transferred into a flexible gold bag (Vtotal ≈ 100 ml), which was sealed off 
through a titanium fitting. Prior to experimentation, the fitting was repeatedly treated with 20 wt.-% HCl 
and 65 wt.-% HNO3, and combusted for 3 hrs at 450 °C to generate an inert Ti-oxide layer. This 
reaction container resided within a stainless steel (T316) high P-T vessel (graded to max. 400 °C, 
565 bars) purchased from Parr Instruments Company. Intensive state variables for the reaction could 
be tuned independently utilizing a heater arrangement to define temperature and adjusting the amount 
of distilled H2O inside the P-T vessel to apply a chosen isostatic pressure on the reaction cell inside. A 
thin titanium capillary tube connects the reaction cell to a titanium valve, which allows for periodic fluid 
sampling from the on-going experiments. A detailed description of this setup can be found in Anders 
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(2012). Two separate experiment runs were conducted at 100 °C and 200 °C, while pressure was kept 
constant at 400 bars.  
2.3.2 Starting materials and experimental procedure 
2.3.2.1 Solid phase preparation 
A bulk of pre-tumbled and polished peridotite derived olivine crystals (3 – 5 mm in diameter) 
were purchased from a wholesale mineral trader (Mineraliengroßhandel Hausen GmbH) and 
handpicked for the most pure, translucent and inclusion free specimens. Subsequently, the grains 
were finely ground in an agate mortar and wet sieved to obtain a grain-size fraction between 50 and 
100 μm for the 1st experiment run (200 °C, 400 bars). Additionally micronized powder was used in the 
2nd experiment run (100 °C, 400 bars) to maximize the specific mineral surface and thereby the 
amount of reaction. Geochemical and mineralogical characteristics of the olivine were determined via 
XRD, LA ICP MS and MC ICP MS analysis. 
2.3.2.2 Fluid phase preparation 
The fluid used for the serpentinization experiments was 3.2 wt.-% NaCl solution, made from 
suprapure sodium chloride (Merck®) and ultrapure water (MilliQ®, 18.2 MΩ· cm @ 25 °C) The starting 
solution hence had a salinity similar to that of seawater, but lacked Mg and SO4, which cause 
problems due to magnesium hydroxide sulfate hydrate formation.  B and Li levels were adjusted using 
Alfa Aesar® plasma standard solutions (Specpure®) of known isotopic composition and considering an 
estimated B and Li elemental fractionation between the expected solid reaction products and the fluid 
phase based on available constraints on partitioning (Bonatti et al., 1984; Spivack and Edmond, 1987; 
Kent and Rossman, 2002; Faure and Mensing, 2004; Millot et al., 2004; Vils et al., 2008; Vils et al., 
2009). While both experimental runs started with identical B concentrations (10 µg/ml, δ11B = -0.3 ‰), 
Li levels set in the 1st run (0.2 µg/ml, δ7Li = 55 ‰) were slightly increased for the 2nd experiment 
(0.5 µg/ml, δ7Li = 55 ‰) as detection limit issues had become apparent.  
2.3.2.3 Execution 
For each experiment, 5 g of olivine powder were weight into readily conditioned individual gold 
reaction cells. 75 ml of solution were added to the gold cells, and small aliquots of the solution were 
kept for exact determination of their initial B and Li characteristics.  As oxygen fugacities are usually 
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very low in serpentinization systems (McCollom and Seewald, 2003), dissolved oxygen in the fluid was 
replaced via thorough bubbling with N2, prior to sealing and confining the bag inside the pressure 
vessel. Trapped air in the cells’ headspace was replaced through flushing N2 over the sampling valve. 
An initial fluid sample was taken before heating and simultaneously pressurizing the system to the 
targeted experimental pT conditions. Periodic fluid sampling from the on-going experiments was done 
while retaining pressure and temperature at a constant level. Each sample was subdivided for 
determination of pH, salinity, concentration of dissolved elements (ICP MS) and isotopic compositions 
of Li and B (MC ICP MS). Changes in the fluid compositions were monitored and after a steady state 
regarding fluid chemistry was reached, the experiments were terminated (after 224 d in the 1st run and 
222 d in the 2nd run). The final fluid samples were extracted immediately before and after cooling of 
the system to identify potential reactions affecting the system upon cooling. The solid fraction was 
quantitatively retrieved from the gold bag and carefully purged and centrifuged with ultrapure water 
(MilliQ®, 18.2 MΩ· cm @ 25 °C) repeatedly to remove any remnants of the reactant fluid phase. A 
small fraction of the solid was left untouched for TG / DSC analysis to avoid tampering of solid phase 
proportions through selective mineral dissolution in the purging process. The fraction of solids was 
finally dried at 45 °C and comprehensively characterized by XRD and EMPA. 
2.3.3 Analytical methods 
2.3.3.1 Mineral identification via X-ray diffraction analysis (XRD) 
Mineralogical compositions of solid phase assemblages were determined using X-ray diffraction 
analysis. Measurements were done at the Crystallography Division of the University of Bremen using 
a Philips PW 1800 (Olivine) and a PANalytical X’Pert Pro (produced mineral assemblage) powder 
diffractometer operating under specifications given in Table 2 (Appendix). 
2.3.3.2 Solid reactant and product chemistry (LA ICP MS and EMP) 
Initial mineral chemistry of Olivine was determined via LA ICP MS on singular polished crystals. 
For this measurement the Thermo Finnigan Element 2TM mass spectrometer was coupled to UP193ss 
New Wave solid-state laser ablation system (193 nm). Operating at a pulse rate of 5-10 Hz, irradiance 
on the sample of 1 GW/cm2 and a beam diameter of 75 µm, a total of 6 transects were produced at a 
speed of 5-10 μm/s and average values calculated for major elemental abundances. Composition of 
reaction products from the 1st experiment run where studied using a CAMECA SX100 microprobe 
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equipped with a four spectrometer WD system. Measurements were conducted at a 15 kV 
acceleration voltage, 15 nA beam current at full beam focus, while counting 20-40 s on peak and 10-
20 s on background.  
2.3.3.3 Scanning electron microscopic imaging (SEM / EDX) 
Phase assemblages, mineral shapes and surface morphologies as well as semi-quantitative 
elemental abundances of the reaction products were evaluated using SEM microscopy / EDX on 
carbon coated strewn slides. Measurements were done at the Division of Historical Geology and 
Palaeontology of the University of Bremen using a Zeiss SUPRA 40 FESEM equipped with Bruker 
Modell XFlash 6 | 30 EDX system. EDX analysis were carried out at 15 kV accelerating voltage and 
with 1 μm beam diameter. 
2.3.3.4 Mineral quantification by thermogravimetric and calorimetric analysis (TG / DSC) 
Percentages of hydrous phases among solid reaction products were determined using a 
Thermal analyser NETZSCH STA 449 F3 Jupiter® device at the Crystallography Division of the 
University of Bremen. About 30 mg of a finely ground sample fraction were transferred into a small 
Al2O3 crucible. Combined differential scanning calorimetric thermogravimetric analysis at ±1 μg 
resolution were performed, operating a heating program from 30 – 1440 – 30 °C at a heating rate of 
5 °C/min. Synthetic air (N80%O20%) was used as purging (50 ml/min) and protective (20 ml/min) gas. 
The measurement is calibrated against a simultaneously heated empty crucible and referenced 
through a preceding identical run using two empty crucibles. Data evaluation was done with 
NETZSCH Proteus® Thermal Analysis software package. 
2.3.3.5 Quantifying magnetic analysis  (AGFM) 
Quantification of the ferrimagnetic magnetite component was done using a Princeton 
MicroMagTM 2900 Alternating Gradient Magnetometer at the Marine Geophysics Division of the 
University of Bremen. While each weight was precisely noted, 10-20 mg of sample were transferred 
into small custom made cups and pervasively immobilized with fast curing adhesive. Mounted on a 
cantilevered rod, incorporating a piezoelectric element, the cups were subjected to an alternating field 
gradient resulting in a feedback on the rod proportional to the magnetic moment of the magnetized 
sample (Flanders, 1988). Complete hysteresis loops could be produced alternating the field between 
+300 and -300 mT and saturation magnetization MS could subsequently be derived from the loops 
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opening. As long as magnetite is present as multi-domain crystals, MS is independent from grain size. 
Under this premise, magnetite percentage could be derived in reference to the known MS of pure 
magnetite (62.2 Am2/kg from Peters and Dekkers(2003)) of identical overall weight. 
2.3.3.6  Fluid pH and salinity (pH / SAL) 
Fluid salinity was tracked throughout the experiments using an Atago® Master-S/Millα 
refractometer to identify possible leakage between pressure vessel and gold reaction cell. The pH of 
each fluid sample was measured at 25 °C immediately after extraction utilizing a micro-pH-combined 
A-157 electrode attached to a Schott® Instruments Lab 850 device. 3 M KCl solution was used as an 
electrolyte while Silamid® (Ag/AgCl) represented the reference system. 3-Point calibration with 
suitable buffer solutions (pH 4.01, 7.00 and 10.01 at 25 °C) was done prior to each set of analysis, 
ensuring asymmetry and slope being within recommended limits. In combination with ICP MS data on 
dissolved aqueous species, in-situ pH was calculated using the EQ3/6 software package for 
geochemical modelling of aqueous systems (Wolery, 1992) and a tailor-made 400 bar database made 
with SUPCRT92 (Johnson et al., 1991). 
2.3.3.7 Fluid geochemistry (ICP MS) 
Trace elemental concentrations within fluid samples were analysed with a double focusing 
magnetic sector field Thermo Finnigan Element2TM ICP MS. Original samples were diluted 1000-fold 
and 10000-fold with 0.48 M HNO3, while Y was added as an internal standard. Based on estimated 
concentrations an 8-point calibration solution set was prepared in addition to an independent 
reference solution containing a known concentration of the measured elements. 7Li, 11B, 24Mg and 28Si 
isotopes were measured in medium resolution (m/Δm = 4000), whereas all data but the 24Mg from the 
100 °C experiment samples was acquired from the higher concentrated dilutions. Precision 
(<0.5 RSD %) and accuracy (<5% for Si and <2% for Li, B and Mg of expected values) were controlled 
through replicated measurements of the independent reference solution. 
2.3.3.8 Li and B fluid and solid phase isotope geochemistry (MC ICP MS) 
Lithium and boron isotope ratios of fluids and solid phases were determined in the Isotope 
Geochemistry Laboratory at the MARUM Centre for Marine Environmental Sciences, University of 
Bremen. Careful comprehensive, element specific pre-treatment and chemical processing of raw 
samples is required prior to the actual measurement. 
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Regarding lithium, solid mineral phases and fluid samples underwent a quantitative chemical 
digestion, separation and purification treatment modified after (Moriguti and Nakamura, 1998). About 
50-200 mg of sample powder were chemically decomposed at 150 °C for 48 h in 3 ml HF/ HNO3 
mixture (5+1), dried at 80°C and repeatedly re-dissolved in 2N HNO3 to convert all fluorides into 
nitrates. A two-step separation procedure was applied using BioRad® AG 50WX8 (200-400 mesh) 
resin and 0.15N HCl to remove first major matrices contribution. In a second step sodium was 
separated using a BioRad® AG 50WX8 (200 - 400 mesh) resin and 0.5N HCl in 50% ethanol. 
NIST 8545 (Li) was used as reference material and precision of repeated measurements was 
better than 0.6 ‰ (2σ; Li). Determined isotope compositions are reported relative to the respective 
NIST reference. 
 
   
 

 

   
eq. 1 
Boron isotopic composition of solids were determined following a procedure described in Romer 
et al. (2014) modified from Kasemann et al. (2001) and Tonarini et al. (1997). A sample aliquot of up 
to 500 mg was mixed with K2CO3, fused in Pt crucibles and the resulting melt cake was subsequently 
dissolved in ultrapure water. Repeated centrifugation, decantation and purging assured quantitative 
extraction of boron. The procedure is complemented by a two-step column separation described in the 
Supplemental to Romer et al. (2014). Each separation step was checked for B loss collecting 2 ml of 
the tail fraction.  
Boron purification of fluid samples was performed by micro-sublimation modified after Wang et 
al. (2010) and described in detail in Huepers et al. 2016 (GCA, in rev).  
Purified samples and internal and standard reference materials were re-dissolved in 2 % HNO3 
and closely matched to 100ppb B for the isotope ratio determination on a MC-ICP-MS Neptune Plus 
(ThermoFisher Scientific) using the standard-sample bracketing method. 2% HNO3 was measured 
directly before and after each sample and standard and used as analytical baseline for correction. 
Internal seawater standard (BSW, SUSU Knolls) as well as standard reference material B5 
(basalt) were subjected to identical chemical treatment to monitor the accuracy of the analytical 
procedures. Determined isotope compositions are reported relative to unprocessed standard boric 
acid NIST 951. 
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The NIST 951 standard was used as a reference material for B and precision of repeated 
measurements was better than 0.1 ‰ (2σ).  
    
 

 

   eq. 2 
2.3.4 Thermodynamic modelling 
Comprehensive thermodynamic modelling was conducted for multiple reasons. (1) Fluid 
characteristics like pH were originally quantified under standard conditions (20 °C, 1 bar) and do not 
properly reflect the in-situ environment. In-situ pH and activities of various aqueous species crucial to 
the on-going reactions were consequently deduced from subsequent thermodynamic modelling. (2) 
Comparative reaction path modelling was carried out to enable a sophisticated assessment of the 
product mineral assemblage regarding thermodynamic equilibrium. (3) Modelling of B aqueous 
species distribution at experimental conditions was done to provide additional information on the 
chemical environment related to the isotope fractionation process. 
2.3.4.1 Software code SUPCRT92 and EQ3/6 
Backward modelling of fluid chemistry at experimental conditions and reaction path modelling of 
the serpentinization process was done using the EQ3/6 (Version 8.0) software code introduced by 
Wolery (1992). Calculations in EQ3/6 are based on a set of log K values for the dissociation of 
different chemical components (e.g. minerals, aqueous species), various models describing 
corresponding activity coefficients (e.g. B-Dot, extended Debye-Hückel; Wolery and Jove-Colon, 
2004) as well as a reference redox state for a defined range of pressures and temperatures. The 
included EQ3NR code can be used to calculate the basic thermodynamic state of aqueous solutions 
with respect to distribution of different aqueous species and their activities based on previously 
collected input parameters (e.g. elemental concentrations, pH, fO2). Output data produced with 
EQ3NR can be used as a starting parameterization for the EQ6 reaction path modelling code that can 
be utilized to model fluid-rock interactions. Customized databases for EQ3/6 have been created using 
the SUPCRT92 code for thermodynamic modelling of standard thermodynamic properties for 
minerals, gases and aqueous species introduced by Johnson et al. (1992). For reaction path 
modelling we used the customized database described in Klein et al. (2013) which contains several 
adjustments regarding basic relations in context of serpentinization reactions. It contains log K values 
Li and B isotope fractionation   55
in 25 °C increments over a temperature range from 0 to 400 °C at a constant pressure of 500 bar. As 
reactions are expected to be strongly temperature dependant but less affected by variations in 
pressure the deviation in this regard is assumed to be negligible. For modelling of fluid chemistry we 
created an additional customized database covering an identical temperature range at a constant 
pressure of 400 bar that included new thermodynamic data on several B species introduced by 
Akinfiev et al., (2006). 
2.3.4.2 Computation of the in-situ state 
In-situ pH, activities of Mg2+ and SiO2(aq) as well as B species distribution were deduced from 
EQ3/6 modelling. Measured pH and elemental concentrations determined via ICP MS were used as 
input parameters in EQ3NR for individual fluid samples to define the basic thermodynamic state of the 
solution. Subsequently the solutions were heated to 200 °C respectively 100 °C while prohibiting the 
precipitation of solid mineral phases. Regarding B species modelling, the BO2- species was removed 
from the EQ3/6 database, as log K values of all other B species (B(OH)3(aq), B(OH)4-, NaB(OH)4(aq) 
and B(OH)3Cl-) originate from recent SUPCRT92 input data (Akinfiev et al., 2006), while the entry for 
BO2- from an older dataset (Shock, 1995) that is superseded by the new Akinfiev data was removed. 
2.3.4.3 Phase equilibria and solubility relations 
Log K values for dissolution of talc, forsterite, chrysotile and brucite were calculated using the 
SUPCRT92 database as described in Klein et al. (2013). Processed reactions are given in Table 3 
(Appendix). Solubility relations in the fore mentioned system regarding activity of SiO2(aq) and 
(Mg2+/2H+) were derived from calculating log K values for each minerals dissociation reaction at 
200 °C respectively 100 °C and 400 bar.  
2.3.4.4 Reaction path modeling 
Reaction path modelling of the serpentinization reaction was conducted with EQ6 using the 
titration mode. In a first step the starting composition of the fluid used in our experiment was speciated 
in EQ3NR. Subsequently this fluid was heated to experimental conditions using EQ6 and finally olivine 
with the composition of Fo90 (defined as special reactant) was added in an amount corresponding to 
the time weighted average W/R ratio (considering sampling) in our experiments. The code gradually 
adds small amounts of the total mineral mass and equilibrates the system until the entire mass is 
dissolved. Reaction progress is expressed through the dimensionless parameter ξ that varies between 
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0 and 1. When ξ reaches 1 all of the solid reactant has been added. The resulting output file contains 
the solid phase assemblage in equilibrium with the fluid for each reaction step, including the amount of 
dissolved solid reactant.  
2.4 Results 
2.4.1 Solid reaction educt and product phase characterization 
2.4.1.1 Mineralogical characterization 
Solid reactants for both experiments were carefully characterized with respect to their 
mineralogy prior and subsequent to the autoclaving process. Various mineral phases were identified 
both by means of X-Ray diffraction analysis (XRD) and via SEM imaging techniques (BSE and SEI). 
Purity of the starting material olivine was initially confirmed as the homogenized powder derived from 
immaculate translucent crystals exclusively produced the expected refraction pattern assignable to a 
phase of forsteritic composition. 
200 °C experimental run 
X-ray diffraction analyses clearly confirmed the expected, serpentinization typical mineral 
assemblage for the 200 °C experimental run, namely primary olivine and secondary chrysotile, brucite 
and magnetite. No other phase was detected within detection limits.  
Further insight into the mode of the transformation process was provided by SEM imaging (see 
Figure 1). Serpentine forms dense aggregates of fine needle to tube like crystals (most likely 
chrysotile), which are up to 50 nm wide and 1 µm long. These agglomerates often occur in close 
association with primary olivine where they form a lawn-like overgrowth on unaltered crystals, whereas 
they appear to have completely replaced the primary phase elsewhere. In contrast to serpentine, 
brucite appears as large euhedral, hexagonal and tabular shaped crystals (Ø 150 - 200 µm). This 
occurrence of brucite indicates precipitation from a supersaturated solution rather than formation by a 
direct replacement reaction. Chrysotile and brucite crystals are equigranular, whereas magnetite 
occurs in clusters of euhedral, octahedral shaped crystals ranging from <<1 µm up to 30 µm.  
Magnetite is always associated with smaller grains of relict olivine and appears to be intermixed with 
very fine serpentine needles.  
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Figure 2.1: SEM characterization of solid reaction products from the 200 °C experiment. (A) Fine 
chrysotile needle assemblage overgrowing a rather pristine olivine crystal (center) and completely 
replaced grains (ambient). (B) Fine chrysotile needle assemblage. (C) Euhedral hexagonal tabular 
shaped brucite phenocrysts surrounded by smaller relictic olivine showing distinct dissolution features. 
(D) Dense cluster of inequigranular euhedral octahedral shaped magnetite crystals, chrysotile and 
primary olivine. (E) Relictic olivine associated hillock dissolution features and subgrain boundary 
formation. (F) Olivine dissolution features. 
This observation is in line with a very Fe-depleted serpentine composition and indicates that excess 
Fe released during olivine breakdown led to magnetite precipitation. Finally, unaltered, xenomorphic 
olivine crystals occur in a range of crystal sizes reflecting the initial variation of the starting material 
(infrequently above 60 µm). Most of the crystals exhibit typical transformation and dissolution features 
(e.g. hillocks) or show signs of sub-grain boundary formation. In addition to the bulk powder sample 
described above, a fraction of very fine-grained needles were not sedimented during centrifugation but 
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retrieved through drying of the respective suspension. XRD and EDX analyses identified this separate 
as an additional fraction of serpentine. 
100 °C experimental run 
In contrast to the experiment at 200 °C, mineralogical characterization indicates a very low 
reaction turnover at 100 °C. Other than an abundant presence of olivine, XRD analysis reveals only a 
minor additional contribution of serpentine. Scanning electron microscopic imaging confirms this 
observation, showing mostly pristine olivine crystals (see Figure 2). Despite an incomplete 
serpentinization reaction and the absence of brucite and magnetite, the observations allow further 
insight into the alteration process. Many olivine crystals exhibit an imperfect nub-like surface, reflecting 
an initial stage of serpentine growth. Other olivine crystals are already more densely overgrown with 
very fine foam-like agglomerates of serpentine needles. Olivine grain size is commonly <5 µm, 
reflecting the initial range of the micronized starting material.  
 
Figure 2.2: SEM characterization of solid reaction products from the 100 °C experiment. (A) Dense 
chrysotile overgrowth on primary olivine with few chrysotile crystals starting to show a needle like 
shape. (B) Nub-like, chrysotile growth indicating surface on olivine; small aggregations of grain like 
phases. (C) Nub-like, chrysotile growth indicating surface on olivine. (D) Rather pristine surface of 
primary olivine with initial roughening. 
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2.4.1.2 Geochemistry of reactant olivine and product minerals at 200 °C 
Major and minor elemental compositions of the reactant olivine and product mineral phases 
were established using multiple methods. Composition of the primary olivine was characterized based 
on 6 LA ICP MS transects measured on crystals prepared as polished, carbon coated epoxy mounts. 
Analyses revealed a forsteritic composition with Mg and Fe predominantly occupying octahedral sites 
(see Table 4). Aside from MgO (49.62 wt.-%) and FeO (8.41 wt.-%) only minor additions of NiO (0.37 
wt.-%) and MnO (0.12 wt.-%) could be detected, whereas CaO, Al2O3, Cr2O3, CoO and ZnO were well 
below 0.1 wt.-%. Characterized crystals didn’t show any explicit signs of compositional zoning but 
appeared rather homogeneous and produced consistently high measurement totals averaging on 
99.69 wt.-%. Olivine stoichiometry was calculated on basis of 4 oxygen anions and gives a forsterite-
rich composition (Mg1.83Fe0.17SiO4; normalized neglecting Ni and Mn; Mg / (Mg + Fe) = XMg = 0.915). 
Given their fine, powder-like nature, solid reaction products were investigated by SEM based 
EDX measurements on strewn slides. Wherever mineral characteristics were favourable, additional 
EMP based WDS analysis were carried out on powder aliquots prepared as polished and carbon 
coated epoxy mounts (averages shown in Table 4). Wavelength dispersive microprobe analyses 
produced higher totals and are less likely to represent mixed analyses. Characterization of relictic 
olivine grains for both experimental runs via EMPA revealed an unmodified composition of the primary 
mineral phase. In detail, while MgO (49.62 wt.-%) is completely unchanged, FeO (9.14 wt.-%) appears 
slightly higher which can mostly be subjected to NiO not being covered in the measurement routine. 
Again, despite minor MnO (0.14 wt.-%) the contents of CaO, Al2O3, Cr2O3, TiO2, Na2O and K2O are 
negligible (<< 0.1 wt.-%) and the cations add up to a Fo91 olivine (Mg1.81Fe0.19SiO4; normalized 
neglecting Ni and Mn).  
Compared to relictic olivine, the secondary brucite from the 200 °C run shows slightly elevated 
Fe (16.13 wt.-%) and Mn (0.46 wt.-%) contents while still being Mg (62.86 wt.-%) dominated. 
Considering the water content of brucite, totals averaging at 79.48 wt.-% are high. Normalized to 2 
oxygen atoms the chemical formula of brucite is Mg0.87Fe0.13(OH)2.  
Unlike for olivine and brucite, the composition of the nanometre scaled agglomerations of 
chrysotile needles was only possible via EDX, due to preparative measures required for microprobe 
analysis (see Table 4). Olivine and brucite compositions acquired through EDX show only minor 
deviations from microprobe-based analyses, suggesting an adequate reliability of this technique.  
60  Chapter 2 
 
  
Ta
bl
e 
4:
 S
ol
id
 e
du
ct
 a
nd
 p
ro
dc
ut
 m
in
er
al
 p
ha
se
 c
om
po
si
tio
ns
 d
er
iv
ed
 b
y 
LA
 IC
P 
M
S
, E
M
P 
an
d 
E
D
X
.
O
liv
in
e 
ed
uc
t
LA
 IC
P 
M
S
P
ro
du
ct
 p
ha
se
O
liv
in
e 
E
M
P
B
ru
ci
te
 E
M
P
C
hr
ys
ot
ile
 E
D
X
C
hr
ys
ot
ile
 2
 E
D
X
N
o.
 o
f t
ra
ns
e c
Av
er
ag
e 
(6
)
N
o.
 o
f a
na
ly
si
s
Av
er
ag
e 
(1
4)
Av
er
ag
e 
(1
1)
Av
er
ag
e 
(7
)
Av
er
ag
e 
(2
)
S
iO
2
41
.0
7
S
iO
2
41
.4
1
0.
01
33
.1
9
34
.4
3
M
gO
49
.6
2
M
gO
49
.6
2
62
.8
6
35
.9
3
37
.4
9
Fe
O
8.
41
Fe
O
9.
14
16
.1
3
2.
42
1.
89
M
nO
0.
12
M
nO
0.
14
0.
46
0.
00
0.
00
C
aO
0.
05
C
aO
0.
03
0.
00
0.
00
0.
00
A
l 2O
3
0.
01
A
l 2O
3
0.
00
0.
03
0.
00
0.
00
C
r 2O
3
0.
01
C
r 2O
3
0.
00
0.
00
0.
00
0.
00
N
iO
0.
37
Ti
O
2
0.
00
0.
00
0.
00
0.
00
C
oO
0.
02
N
a 2
O
0.
00
0.
00
0.
19
0.
24
Zn
O
0.
01
K
2O
0.
00
0.
00
0.
00
0.
00
To
ta
l
99
.6
9
To
ta
l
10
0.
35
79
.4
8
77
.2
3
74
.0
4
S
i
1.
00
S
i
1.
01
0.
00
1.
90
1.
90
M
g
1.
81
M
g
1.
80
0.
87
3.
07
3.
09
Fe
0.
17
Fe
0.
19
0.
13
0.
12
0.
09
M
n
0.
00
M
n
0.
00
0.
00
0.
00
0.
00
C
a
0.
00
C
a
0.
00
0.
00
0.
00
0.
00
A
l
0.
00
A
l
0.
00
0.
00
0.
00
0.
00
C
r
0.
00
C
r
0.
00
0.
00
0.
00
0.
00
N
i
0.
01
Ti
0.
00
0.
00
0.
00
0.
00
C
o
0.
00
N
a
0.
00
0.
00
0.
01
0.
01
Zn
0.
00
K
0.
00
0.
00
0.
00
0.
00
B
as
is
 (O
)
4.
00
B
as
is
 (O
)
4.
00
2.
00
7.
00
7.
00
M
g#
0.
91
M
g#
0.
91
0.
87
0.
96
0.
97
Li and B isotope fractionation   61
Serpentine composition was determined through spot analyses of the bulk powder as well as on 
the suspended serpentine fraction mentioned above. Measured compositions were normalized to 9 
oxygen atoms, and precisely matched the expected serpentine stoichiometry. In contrast to cogenetic 
brucite, serpentine is enriched in Mg compared to primary olivine (Mg2.89Fe0.11Si2O5(OH)4; XMg = 0.96).   
However, the compositions of some serpentine analyses had to be corrected for admixtures of 
other phases. An indicator for the degree to which phases other than serpentine were excited by the 
electron beam is the Si / (Mg + Fe) (Si#) cation ratio. Pure serpentine should have an Si# of 0.67, 
whereas analyses representing admixtures of brucite or forsterite have less silica and a reduced Si#. 
The serpentine composition was retrieved from the analysis showing the highest XMg, a Si# close to 
0.67, and highest totals. These requirements were best matched by the serpentine separate. The 
composition adopted for mass balance calculations give an XMg of 0.97, which is slightly higher than 
the average of the unfiltered serpentine analyses.  
2.4.1.3 Quantification of mineral phases and reaction turnover 
The abundance of water-bearing phases was determined via thermogravimetric analysis. Two 
distinct dehydration events were identified for the 200 °C reaction products. One could be assigned to 
the dehydroxilation of brucite (280 and 450 °C), accounting for 2.40 % of the total sample weight. A 
second weight reduction of 7.41 % between 460 and 710 °C can be assigned to serpentine 
breakdown. These temperature ranges are in agreement with most recent literature data in terms of 
dehydration of serpentine and brucite (Trittschack et al., 2014). A positive calorimetric anomaly 
identifies both water loss events as endothermic. An additional exothermic peak at 820 °C marks the 
characteristic recrystallization of anhydrous amorphous meta-chrysotile to forsterite (Falini et al., 
2004). Absolute fractions of brucite (7.71 wt.-%) and chrysotile (60.54 wt.-%) were derived from the 
mineral stoichiometry with respect to water and considering previously determined compositions. 
Magnetite fractions were calculated from hysteresis loop derived saturation magnetization equivalents. 
Multiple measurements indicated a total average of 3.73 wt.-% (<<2% RSD). Olivine, being the only 
remaining phase in the assemblage, contributed 28.02 wt.-%, corresponding to a reaction turnover of 
72% by weight. 
Despite a very low reaction turnover at 100 °C, TG analysis produced two distinct mass 
reductions events: one by 0.82 % (200-600 °C) and a second one by 1.40 % (740-920 °C). These 
signals appear rather weak and do not correspond closely to the characteristic temperature range 
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expected for brucite and serpentine breakdown. Perhaps this result indicates that the initial fractions of 
brucite and serpentine were metastable precursor phases. Hypothetical mineral equivalents 
corresponding to the observed water loss would indicate about 2.84 wt.-% brucite and 10.87 wt.-% 
serpentine. Magnetometric analyses indicate an insignificant magnetite fraction of 0.02 wt.-%. Hence, 
at least 86.28 wt.-% of the solid after termination of the experiment was comprised of unreacted 
olivine. 
In addition, reaction turnovers were calculated from chemical mass balance.  As primary olivine 
and secondary serpentine were the only silica-containing phases in the solid assemblage, a total 
reaction turnover could be calculated based on the derived mineral proportions and compositions for 
both experimental runs (with a larger margin of error for the 100 °C run). First, the mass fraction was 
converted to mole fraction using the known specific weight of each phase. Considering stoichiometry 
of the serpentinization reaction, each mol of serpentine originated from two mol of olivine. This relation 
permitted the calculation of a total reaction turnover for the experiment. 
 	   
 
   
 eq. 3 
Hence, turnover at 200 °C was approximately 69.4% after 224.8 days. Reaction turnover 
established this way for the 100 °C run was 11.50%, but this value is plagued by a large uncertainty as 
it is based on a less conclusive quantification of mineral fractions and compositions. 
2.4.1.4 Li and B geochemistry of solid reactant and product phases 
The unaltered olivine reactant as well as the bulk mineral assemblage retrieved after the 
experimental runs were characterized in terms of Li and B contents and isotope compositions (see 
Table 5). Due to the very fine grain size and intergrowth of different phases, only bulk analyses were 
conducted. Li contents were determined by ICP MS following acid digestion. B was measured via pre-
scan MC ICP MS analyses on sample aliquots obtained following the more sophisticated digestion 
procedure required for quantitative B retrieval (see supplementary data section). Isotope ratios for Li 
and B were determined by MC ICP MS.  
The olivine starting material is virtually devoid of B (<0.02 µg/g), yet it contains significant 
amounts of Li (1.66 µg/g). The small fraction of B is depleted in 11B with a δ11B of -14 ‰, whereas Li 
was somewhat enriched in 7Li (δ7Li = 5.26 ‰). These characteristics are in line with previously 
reported values for unaltered peridotite or mantle olivine (Salters and Stracke, 2004; Vils et al., 2008). 
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The bulk powder produced in the 200 °C run is strongly enriched in B (24.98 µg/g) and has a 
very light isotopic signature (δ11B = -4.16 ‰) indicating preferential uptake of 10B. Enrichment and 
isotope fractionation are even stronger for the serpentine separate, where contents are as high as 
43.60 µg/g with an average δ11B of -4.56 ‰. The weighted average (calculated from the respective 
mass fractions) B content in the 200 °C experimental run was 26.31 µg/g with a δ11B of -4.21 ‰. 
Despite the limited amount of reaction, solids from the 100°C run were also enriched in B at 100 °C 
(9.99 µg/g) and corresponding isotope fractionation produced 11B depleted δ11B values as low as -
12.59 ‰. Hence, following the assumption of an unmodified composition of unaltered olivine, absolute 
enrichment of secondary phases could be even higher than for the 200 °C experiment.  
In contrast to B, Li was leached from the olivine reactant during serpentinization at 200 °C, 
leaving the bulk product assemblage with less than one third (0.5 µg/g) of the initial content and an 
isotope composition reflecting a preferential leaching of 6Li (δ7Li = 9.17 ‰). The retrieved serpentine 
separate had an average Li content of 0.17 µg/g and a δ7Li of 33.35 ‰. The average Li content of 
reaction products at 200 °C was 0.48 µg/g exhibiting a δ7Li of 9.78 ‰. Instead of Li leaching, the 
product assemblage from the 100 °C experiment revealed to be slightly enriched in Li with an average 
content of about 2.05 µg/g. At 100 °C determined isotope ratios indicate a preferential uptake of the 
heavier 7Li isotope resulting in δ7Li of 10.69 ‰. 
2.4.2 Fluid chemistry 
2.4.2.1 Si, Mg and Fe concentrations – pH and salinity 
Major element concentrations of all fluid samples retrieved in the course of the experimental 
runs were determined by ICP MS. Compositional variations in Mg and Si provide information on the 
progress of the serpentinization reaction, whereas Fe remained below detection limits in all fluid 
samples (see Table 6).  
Both experiments showed a sharp increase in Mg and Si contents right at the start of the 
experimental runs.  Magnesium concentrations increased to levels as high as 10 μg/ml within the first 
day for both runs. At 200 °C, this strong initial enrichment was followed by a rapid removal of Mg from 
the solution, whereas it continued to increase up to a concentration of approximately 20 μg/ml during 
the 1st month at 100 °C. Upon termination of the 200°C experiment the fluid phase no longer  
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contained significant amounts of Mg (see Figure 3). After a moderate decrease in the late stage, the 
final fluid from the 100 °C run remained at a high level of about 14 µg/ml (see Figure 4).  
 
Figure 2.3: Evolution of fluid composition in the 200 °C experimental run. Incipient olivine dissolution 
resulted in a rapidly increasing Mg concentration and in-situ pH, whereas Si was increasing somewhat 
slower at the beginning of the experiment. Soon after the initial spike, Mg levels return to a very low 
level as secondary phases began to form. Buffered by brucite, pH stabilized at a high level, whereas 
Si was gradually depleted to a low concentration level similar to Mg.
 
Figure 2.4: Evolution of fluid composition in the 100 °C experimental run. Magnesium, Si and in-situ 
pH were rapidly increasing during the first days of the reaction reflecting olivine dissolution. In contrast 
to the 200 °C experiment, subsequent depletion of Mg and Si was limited (probably due to sluggish 
reaction kinetics), whereas pH likewise leveled of at high value.
Silicium concentrations showed a similar pattern, culminating in maxima of 2.1 μg/ml at 200 °C, and 
2.7 μg/ml at 100 °C shortly after the experiment was started. In contrast to Mg, both solutions were 
characterized by gradual subsequent losses of Si and very low levels upon termination of the 
experiments that are undistinguishable from the initial values.  
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A pronounced shift towards more alkaline conditions was documented for both experimental 
runs. Fluid pH increased from 7.3 to 9.5 in 12 days and levelled off at a pH value of 11 in the 200 °C 
experiment. In the 100 °C run, fluid pH increased from 7.3 to 8.7 and levelled of around a value of 9.2. 
These values were measured at 25 °C and do not reflect in-situ pH. 
Concomitant salinity measurements suggested that the system stayed well confined and no 
leakage or mixing with the pressure medium outside the gold reaction cell occurred, potentially 
resulting in crucial tampering of the overall results. 
2.4.2.2 B and Li geochemistry of fluids 
Isotope ratios for B and Li were determined via MC ICP MS analyses on aliquots of the fluid 
samples analysed for B and Li concentrations (see above and Table 6).  
 
Figure 2.5: Fluid Li and B concentration and isotopic composition in the 200 °C experiment. (A) Fluid 
analysis indicated distinct B depletion from the fluid throughout the experiment, which was 
accompanied by a preferential depletion of the 10B isotope. Modification of fluid composition regarding 
B was fast initially and almost negligible in the final stage of the run. (B) A constant increase in Li 
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concentration within the fluid at 200 °C was characterized by a marked decrease of the δ7Li as 
dissolving olivine released its light Li fraction. Evolving Li composition showed no attenuation towards 
the end of the experiment. 
In the course of the 200 °C run B in the fluid became increasingly depleted (see Figure 5a). 
Starting at an initial value of 10.8 μg/ml, B was rapidly removed from the fluid to concentrations of 
about 6.2 μg/ml after 117 days. Further B removal was limited to an additional loss of 0.5 μg/ml to a 
final value of 5.7 μg/ml after 223 days. The observed B depletion was accompanied by a systematic 
shift of the isotopic composition from an initial δ11B value of -0.34 ‰ towards increasingly heavier 
values reflecting a preferential uptake of the 10B isotope. The final δ11B value of the fluid was 1.17 ‰ , 
and there were only minor modifications in B isotope composition of the fluid during the later stages of 
the experiment. The loss of B from the fluid was less pronounced at 100 °C, evolving from an initial 
10.4 μg/ml to a final value of about 8.5 μg/ml (see Figure 6a). The associated isotope fractionation 
resulted in a depletion of 10B, the magnitude of which slightly exceeded the fractionation documented 
for the 200 °C run. The B isotope ratio of the fluid increased from an initial δ11B of -0.43 ‰ to a final 
value of 1.3 ‰ in the 100°C run.  
The evolution of lithium fluid chemistry systematically differed for the two conducted 
experiments. At 200 °C, Li concentrations in the fluid gradually increased from 192 ng/ml in the 
starting solution to a level of about 265 ng/ml (see Figure 5b). This enrichment was characterized by a 
distinct shift in δ7Li from 55 ‰ to 39 ‰ over the timespan of the experiment. This decrease could point 
to preferential leaching of the lighter 6Li isotope, but it could also be due to the input from a 6Li-
depleted reservoir (unaltered olivine). In the 100 °C run, by contrast, Li was only slightly depleted from 
the fluid (from about 502 to 465 ng/ml) but this rather inconclusive variation is due to the low reaction 
turnover (see Figure 6b). Likewise, the Li isotopic composition shows a small enrichment in 7Li, 
followed by a gradual depletion, while the entire variation fluctuates tightly around a δ7Li of 56.3 ± 
0.6 ‰ (see Figure 6b). 
2.4.2.3 Modification of fluid composition upon cooling  
After the experiments were terminated, fluid compositions were measured and the data reveal 
marked changes relative to the composition of the fluids retrieved immediately before termination.  
The fluid compositions seem to be strongly altered during the rather short cooling period, indicating  
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Figure 2.6: Fluid Li and B concentration and isotopic composition in the 100 °C experiment. (A) Boron 
was slowly depleted from the fluid at 100 °C and corresponding δ11B slightly increased, yet variations 
are less distinct as in the 200 °C experiment. (B) While variability is rather ambiguous, Li was 
somewhat adsorbed by solid phases at 100 °C with no apparent isotope fractionation.
uptake by or leaching from solid phases. Especially noteworthy was a marked removal of B and Li 
from the fluid at 200 °C. In the 100°C experiment B also decreased upon cooling, whereas Li, Si and 
Mg were enriched in the fluid. As these final modifications are attributable to a crucial change in 
experimental conditions, the last two samples from each run were omitted when assessing 
characteristic direction and magnitude of elemental and isotopic exchange. These results indicate that 
sampling of fluids at high temperatures and pressures are mandatory; experiments that allow fluid 
sampling only after cooling would have given different element partitioning and isotope fractionation 
results. 

















         






!"
$
'\
$^


_`
{
}














         
 
^




!"
$
'\
$^


_`
{
}
^{"\
^
^
70  Chapter 2 
2.4.3 Geochemical modeling 
2.4.3.1 In-situ pH and related B speciation in fluids 
Boron isotope fractionation between fluids and solid phases is known to strongly dependent on 
fluid pH and related B speciation. Therefore, pH variations were carefully documented throughout the 
runtime of the experiments. In-situ pH and B speciation was computed using EQ3/6 and measured pH 
(25 °C, 1 bar) as well as ICP MS derived fluid composition as input parameters.  
The computed results show that the in-situ pH is significantly lower than the values measured at 
25 °C and 1 bar. At 200 °C and 400 bars the computed in situ pH values of the fluid are alkaline 
throughout (pKw at these pT conditions is 11.0) increasing from 6.3 to a final maximum value of pH 
8.2 as reactions progressed. This shift in pH results in a fundamental change in B speciation within the 
fluid phase. Computations indicate a rapid decrease of the trigonal B(OH)3(aq) species fraction with 
increasing pH. After 100 days run time the trigonal species remains dominant (~51%), even at a 
maximum pH of 8.2 (see Figure 7 A).  However, if pH values measured at 25°C were used in the 
speciation calculations, the trigonal species is predicted to completely disappear from the fluid (see 
Figure 7 B).  About half of the remaining tetragonally coordinated species (~49%) are predicted to be 
present as B(OH)4- (~23%); other tetragonal species are NaB(OH)4(aq) (~19%) and B(OH)3Cl- (~6%). 
The modelling results reveal a strong variability in B speciation with changing pH in the course of the 
experiment. 
In situ pH variability at 100 °C is also significant: An initial pH of 6.8 rapidly shifts to a more 
alkaline pH of 8.3, which appears to remain constant throughout the second half of the experiment. 
Distribution of B species (not shown) is similarly variable as in the 200°C run. 
2.4.3.2 Temperature - Log aSiO2 - log(aMg2+/a2H+) relations 
Additional data on evolving in-situ silica and Mg activities derived by EQ6 modelling was used 
for a more detailed characterization of the fluid with respect to interactions with the solids. As 
expected, the fluids in both experiments were in thermodynamic equilibrium with chrysotile, matching 
the observation of serpentine being the major phase in the final mineral assemblage at 200 °C. Silica 
activity was slightly increasing at the start of the reaction and subsequently shifted to lower values 
(Fig. 8). Examining solubility relations (Fig. 9 and 10) reveals that the fluids in both experiments 
quickly became supersaturated with respect to serpentine and stayed saturated until the runs were 
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terminated. In the 200 °C run the model indicates a minor shift towards a less supersaturated 
composition during the second half of the experiment, while at 100 °C log(aMg2+/a2H+) values settled 
at a high level. 
 
Figure 2.7: (A) Boron speciation in the fluid during the 200 °C experiment. Computed fractions of the 
trigonally (B(OH)3(aq)) and tetragonally (B(OH)4-, NaB(OH)4(aq), B(OH)3Cl-) coordinated B species 
show a distinct shift from a complete domination of boric acid at the start of the experiment to an even 
distribution with increasing pH. NaB(OH)4(aq) and B(OH)3Cl- comprise about 50 % of the tetragonally 
coordinated species and can be expected to have a major impact on isotope fractionation. (B) 
Computed B speciation without consideration of in-situ conditions for the 200 °C experimental run. The 
comparative modeling of B speciation reveals the importance of modeling in-situ conditions. At 25 °C 
the dominant trigonally coordinated species would be completely absent from the fluid. 
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Figure 2.8: Variability of fluid chemistry in the system MgO-SiO2-H2O. Looking at silica activity, the 
fluids in both experiments are clearly in equilibrium with serpentine. After an initial increase in log a 
SiO2(aq) the computed values fall below the meta stable forsterite branch and evolve towards even 
lower activities approaching the chrysotile – brucite phase boundary. 
2.4.3.3 Reaction path modeling of serpentinization 
Reaction path modelling was conducted to evaluate if the mineral proportions determined at 
200 °C match (within the uncertainties) the theoretical equilibrium serpentinization product mineral 
assemblage. Due to repeated sampling from the reaction cell throughout the experiment, the water-to-
rock ratio (W/R) decreased, and an average time-weighted W/R of 11.56 was used in the 
computations. As EQ3/6 uses a fixed amount of 1 kg H2O, we adjusted the total mass of input olivine 
accordingly. In multiple reaction steps (given as fractions of ξ), aliquots of olivine are completely 
dissolved in the fluid and for each step the resulting product mineral assemblage is determined until 
the reactant is completely exhausted (ξ = 1). As our model did not consider dissolution rates of the 
different mineral phases the data does not provide a true kinetic model but merely a pseudo kinetic 
one (see Figure 11). The results still allow for an estimation of the equilibrium product mineral 
assemblage for a given reaction turnover. The resulting assemblage for a turnover of 69.38 % is quiet  
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Figure 2.9: Solubility relations for the 200 °C experimental run. EQ6 computations reveal that the fluid 
becomes supersaturated with respect to chrysotile within the first day of the reaction. Simultaneously 
silica activities remain almost constant and even slightly increase during this first stage. But as soon 
as the fluid also becomes supersaturated with respect to brucite, silica activity starts to decrease 
indicating brucite to serpentine transformation effectively buffering the system. 
similar to that derived from thermogravimetric and magnetometric analyses (see Table 7). In 
detail, modelling predicts slightly larger amounts of brucite (BrcModel = 10.62 wt.-% vs. BrcExp_200°C = 
7.71 wt.-%) and significantly less magnetite (MgtModel = 1.84 wt.-% vs. MgtExp_200°C = 3.73 wt.-%). At the 
same time, modelled brucite is expected to incorporate less Mg (Mg#Model_Brc 0.91 vs. Mg#Exp_200°C_Brc 
0.87) and corresponding serpentine mineral phases somewhat more Fe (Mg#Model_Srp 0.95 vs. 
Mg#Exp_200°C_Srp 0.97).  
2.4.4 Mass balance calculations 
As mass proportions originally were derived from multiple methods and the experimental 
procedure itself exhibits an inherent risk of minimal partial loss of reaction products (e.g. during 
retrieval from squeezed gold bag, necessary purging to separate salt solution from solids), additional 
mass balance calculations were conducted that are exclusively based on the determined reaction 
turnover and mineral compositions.  
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Figure 2.10: Solubility relations for the 100 °C experimental run. Like for the 200 °C run the fluid 
becomes rapidly supersaturated with respect to serpentine and then proceeds to evolve towards a low 
silica activity upon reaching brucite supersaturation. In contrast to the 200 °C run where the 
supersaturation decreases as the reaction draws near completion, fluid chemistry stabilizes at 100 °C 
as reaction kinetics are slow. 
Considering only the major components Mg, Fe, Si, O and H, we calculated the moles of each 
component based on the total mass of transformed olivine (3.473 g  69.38 %) and its composition 
(Mg1.812Fe0.188SiO4). Next, Si had to be entirely incorporated into chrysotile and after subtracting the 
corresponding amount of Mg, the remaining fraction of Mg constrained the amount of brucite 
produced. The fraction of reactant Fe that was not contained in chrysotile or brucite is attributed to 
product magnetite. After balancing the resulting excess of O on the product site with H2O on the educt 
site, the method also yields the hypothetical amount of H2 produced through the serpentinization 
reaction. The overall mass-balanced reaction is 
Mg1.812Fe0.188SiO4 + 1.436 H2O ↔ 0.500 Mg2.920Fe0.080Si2O5(OH)4 + 0.404 Mg0.874Fe0.126(OH)2 + 
0.032 Fe3O4 + 0.032 H2 
Mass proportions derived for the 200 °C experiment are displayed in Table 7.  The 
correspondence with the phase proportions determined by TG and rock magnetics is very good, 
suggesting that the extent and stoichiometry of the reactions determined are robust results. 
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Figure 2.11: Reaction path model for the serpentinization reaction at 200 °C and 500 bar. The higher 
pressure level had to be used as no 400 bar database was available that implemented the most recent 
findings regarding serpentine chemistry (Klein et al., 2013), but the pressure difference is negligible for 
the investigated reactions. The results were plotted as a function of fractions of reacted olivine and 
were used as a pseudo kinetic to derive mineral proportions for the given reaction turnover. For the 
calculated 69.38 % degree of serpentinization the model predicted 60.15 wt.-% chrysotile, 27.39 wt.-% 
unreacted olivine, 10.62 wt.-% brucite and 1.84 wt.-% magnetite. 
2.5 Discussion 
2.5.1 Serpentinization 
For the 200 °C experimental run, the observed product mineral phase assemblage, its 
mineralogical characteristics and the corresponding fluid geochemistry is in good agreement with well 
known serpentinization associated processes established in numerous earlier studies (e.g. Seyfried et 
al., 2007; McCollom and Bach, 2009; Klein et al., 2009).  
The primary olivine is clearly out of equilibrium in the presence of water at experimental 
conditions (200 °C, 400 bar) as indicated by the documented distinct dissolution as well as the sub-
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grain boundary formation features. Olivine dissolution at the beginning of the experiment was fast due 
to initial presence of a very fine-grained material fraction with elevated reactive surface area. 
Accordingly, the evolving fluid composition exhibits a sharp initial spike in magnesium concentration, 
increased silica levels and pH rises due to the net consumption of H+ ions (see Fig. 3) (Table 8 - react. 
1; (Nesbitt and Bricker, 1978). After this initial stage dominated by olivine dissolution (increasing 
log(aMg2+/a2H+); see Figure 9), further increase of magnesium activity is inhibited by meta-stability of 
forsterite. As serpentine minerals and brucite start to form (Table 8 - react. 2; Bach et al., 2006), fluid 
pH as well as magnesium and silica levels are effectively buffered by the secondary alteration phases. 
A stable pH and magnesium activity in this stage facilitates especially favourable conditions for the 
formation of the observed large idiomorphic brucite crystals (see Fig. 1) (Table 8 - react. 3; Chavagnac 
et al., 2013). Simultaneously pronounced forsterite to serpentine transformation removed additional 
silica from the fluid (Table 8 - react. 4; Frost and Beard, 2007). Decreasing silica activities might 
consequently have facilitated the secondary reaction of iron rich serpentine to magnetite as proposed 
by Frost and Beard (2007) (Table 8 - react. 5). This seems likely considering the close association of 
observed magnetite crystals with fine-grained serpentine needles. Additionally, brucite showed no 
apparent signs of instability. Evans (2008) states that iron rich serpentine does not necessarily have to 
be destabilized and can account for significant fractions of iron, limiting magnetite formation. Then 
again, this rather applies to the lizardite phase and the possibility of coupled Fe3+Al3+ substitution to 
reduce the T – M misfit in serpentine minerals. In contrast, the needle to tube like appearance of 
magnesium rich serpentine in our experiment indicates the presence of chrysotile. Incorporation of 
Fe2+ in the chrysotile structure results in the phase becoming instable (Evans, 2008). On the other 
hand, secondary brucite transformation to serpentine and magnetite should not be easily excluded. As 
stated above, chrysotile analyses systematically deviate from an ideal Si / (Mg + Fe) ratio of 0.67 due 
to the inevitability of mixed analysis with small grain size. In this regard we calculated the hypothetical 
Mg / (Mg + Fe) ratio for each chrysotile analyses, assuming a linear mixture of the previously derived 
(A) chrysotile and forsterite and (B) chrysotile and brucite end member compositions, based solely on 
the Si / (Mg + Fe) ratio. The results plotted in figure 12 indicate the presence of additional 
microcrystalline brucite in close association with fine-grained chrysotile. Consequently, brucite-
magnetite association and with it the respective magnetite formation from Fe-brucite breakdown is a 
distinct possibility (Table 8 - react. 6; Bach et al., 2006). 
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Figure 2.12: Reconstruction of the true serpentine composition and identification of contributing 
fractions to mixed analyses. An ideal Mg / (Mg + Fe) ratio was derived for each serpentine analyses 
through calculation of an ideal mixture of end-member compositions for the measured Si / (Mg + Fe) 
ratio. The produced ideal trend indicates mixed analyses of serpentine with microcrystalline brucite 
rather than with unaltered olivine.
Comparison of fractions of different product phases determined with ideal proportions derived 
from mass balancing considerations and reaction path modelling indicates that the 200 °C experiment 
yielded a product mineral assemblage close to equilibrium, at a reaction turnover of approximately 
70%. Mass balancing and reaction path modelling both predict a somewhat higher brucite fraction and 
less magnetite (see Table 7). To some extent this discrepancy might be due to partial re-dissolution of 
brucite during the thorough purging of retrieved solids with ultra pure water after the termination of the 
experimental run. Magnetite would be unaffected by this process and could consequently have been 
somewhat overestimated. Discrepancies between the determined and modelled magnetite fractions 
could also be due to uncertainties in the thermodynamic data for serpentine and brucite compositions 
that favour less magnetite-rich serpentinization product assemblages at lower temperatures (Klein et 
al., 2013). However, other serpentinization experiments conducted at 200°C yielded next to no 
magnetite at all, so it is also possible that the amount of magnetite forming is in part kinetically 
controlled. Larger fractions of Fe3+ are predicted to be incorporated into serpentine minerals 








	
 
 	









 
  
 
 

  
  
 





 !"#
$%&'( !)
$%&'( !)
 !"#

Li and B isotope fractionation   79
(Mg#Model_Srp 0.95) effectively limiting the magnetite formation. Then again, measurement of chrysotile 
composition for the 200 °C run confirmed a rather iron poor product serpentine phase (Mg#Exp_200°C_Srp 
0.97). But despite these minor deviations, actual and modelled results are still in sufficiently good 
agreement to support the assumption of equilibrium between fluid and the secondary mineral 
assemblage system that also allows for a quantitative assessment of Li and B partitioning and isotope 
fractionation behaviour.  
Results from the 100 °C run are much less conclusive. In fact, fluid chemistry also indicates an 
incipient dissolution of olivine indicated by an initial increase of aqueous silica, fast stabilization on a 
relatively high in-situ pH and magnesium concentrations reaching levels almost doubling those 
established for the 200 °C run. Reconstructed solubility relations (see Fig. 11) also confirm a 
supersaturated state of the fluid with respect to serpentine throughout the experiment. However, the 
subsequent decrease of magnesium concentration is rather slow, suggesting that reaction kinetics at 
100 °C may be too sluggish to produce a significant reaction turnover within the time frame of the 
experiment. This assumption is backed up by the results of SEM imaging, revealing most of the 
primary olivine is seemingly unaltered or exhibiting only thin layers of secondary serpentine or rather a 
precursor of the mineral phase like described by Andreani et al. (2008) and Lafay et al. (2013). An 
imperfectly crystallized proto-serpentine could also offer an explanation for dehydration events 
detected with the thermogravimetric method not matching the typical temperature range expected for 
the mineral phase. Therefore further evaluation of the behaviour of Li and B for serpentinization at 
100 °C can only provide a precursory and qualitative assessment. 
1.1.2 Fluid-based reconstruction of Li and B fractionation  
In addition to a comprehensive characterization of the reaction, several other factors had to be 
considered before a full assessment of the isotope fractionation process could be attempted. In the 
simplest terms, an absolute value for the isotope fractionation Δ11BS-F could be derived simply from the 
difference in final isotopic composition (δ11B) between the fluid and solid fraction.  But this is unlikely to 
give a good estimate for fractionation because the elemental budgets as well as isotopic composition 
may be significantly modified during the final cooling stage of the experiments, which would affect the 
B and Li contents and isotopic compositions of the solid phases. Moreover when elemental partitioning 
is evaluated, it has to be taken into account that certain fractions of Li and B are successively removed 
from the system through the process of sampling itself and that this – in addition to the shift caused by 
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serpentinization associated water incorporation into secondary minerals – results in a modification of 
water-rock ratios (W/R). Consequently, direction and magnitude of elemental transfer and isotope 
fractionation were initially quantified exclusively through systematic and detailed mass balancing of 
fluid data. 
Using this approach included calculating the exact amounts of B or Li lost from or gained by the 
fluid between two consecutive sampling events that actually equal the amounts incorporated by or 
leached from the solid phase assemblage. With each sampling event, the total fluid volume 
decreased, which reduced the absolute amount of B and Li in the system. This loss fraction was 
established by mass balance and separated from the budget of the solid phases. Measured isotope 
ratios of the fluid samples were used to further break down these incremental fractions into absolute 
abundances of 11B, 10B, 7Li and 6Li isotopes in the fluid and solids. This procedure allowed deciphering 
the total amounts of B and Li transferred (m BF→S / m LiF↔S; see Table 9; Appendix) and their isotopic 
compositions (δ11BF→S [‰] / δ7LiF↔S [‰]; see Table 9; Appendix). A detailed documentation of all 
equations used in these calculations is given in the appendix. 
The mass balance computations indicate that a total of 312.3 µg of B with an average δ11BF→S 
of -2.28 ‰ were incorporated into solid phases, while about 4.0 µg of Li at an average δ7LiF←S of -5.72 
‰ were derived from the reactants in the 200 °C run before cooling was initiated after 223 days. As 
primary olivine was virtually free of B, the mass balance directly provides an estimate for the 
composition of the solid mineral assemblage produced in the experiment. Corresponding 
concentrations of solids were calculated based on the total mass calculated by major element mass 
balancing in section 4.4 (5.616 g).  The method is superior to weighing the total that was retrieved 
from the cell, as partial loss of solids is likely. The final bulk solid assemblage complementary to the 
quantified fluid budget should have an average B content of 55.61 µg/g. Assuming an unmodified 
composition of unreacted olivine, alteration phases (72 wt.%) should have 77.24 µg/g B. The 
corresponding isotope fractionation between solids and fluids Δ11BS-F is -3.46 ‰ and the αS/F B value is 
0.9965 (see eq.4). 
            
      
 
          eq. 4 
Determining the final Li contents and isotopic compositions of solids and fluids required 
additional balancing of the Li fraction added by dissolution of olivine. The combined results indicate 
that the bulk solids should have a heavier isotopic signature (δ7LiS = 15.70 ‰) compared to that of the 
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primary olivine reactant (δ7Li = 5.26 ‰) and a reduced average Li content of 0.77 µg/g. If the 
contribution of relictic olivine is considered, product phases alone should have 0.42 µg/g Li and a δ7Li 
of 30.58 ‰ (Δ7LiS-F = -8.04 ‰). While these mass balance indicates a preferential uptake of 6Li by 
alteration phases at 200 °C, it should be emphasized that the absolute isotope ratios acquired by 
these phases primarily reflect mixing of two isotopically distinct reservoirs (initial olivine and initial fluid) 
rather than equilibrium isotope solid-fluid fractionation. 
Further constraints on elemental exchange between fluid and solids were derived through 
calculation of empirical partitioning coefficients. We followed the approach of Spivack and Edmond 
(1987), which was also applied to data from earlier experiments on B partitioning in a study of 
Foustoukos et al. (2008). The original procedure was modified to account for variable W/R in the 
experiments.  
Partitioning coefficients were calculated considering reaction turnover (~72 % by weight), the 
content of the retrieved bulk solids (55.61 µg/g B) derived from fluid balancing and assuming an 
unmodified composition of unaltered olivine fractions (0.02 µg/g B) following the mass balance (eq. 5).   
 
 
 
     

 eq. 5 
At 200 °C the resulting DS/FB200°C (13.42) reflects the strong tendency of B uptake by alteration 
phases. An analogue determination of partitioning coefficients was done based on the Li data. A 
DS/FLi200°C of 1.58 indicates that secondary phases formed at 200 °C still became relatively enriched in 
Li compared to the final fluid phase, despite an overall increase in Li within the fluid through 
dissolution of Li rich forsterite. 
At 100 °C, the problematic characterization of the reaction turnover prevented a rigorous 
assessment of isotope fractionation.  Nevertheless, general trends in Li and B geochemical behaviour 
during serpentinization could be obtained by evaluating the fluid data. Despite a low overall reaction 
turnover, secondary phases took up considerable fractions of B (129.3 µg) corresponding to an 
average content of 25.33 µg/g. Determined partitioning coefficients (DS/FB100°C = 24.20) indicate that 
the absolute tendency for B uptake was significantly increased at 100 °C. Moreover, relative to the 
200 °C experiment, this B was even more depleted in the lighter 10B isotope fraction (δ11BS = -8.68 ‰; 
Δ11BS-F = -9.97 ‰). 
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Lithium uptake by alteration phases at 100 °C was significantly increased to a point, where it 
exceeded the Li fraction released by dissolution of olivine and led to an overall depletion of the fluid in 
Li (LiF→S = 2.4 µg; δ7LiF→S = 57.82 ‰; DS/FLi100°C = 11.30). Thereby the uptake of even a small amount 
of Li from a very 7Li enriched reservoir shifted the total isotopic composition of the bulk solids (LiS = 
2.10 µg/g) to a δ7LiS value of 16.76 ‰. An additional minor preference for incorporation of the 7Li 
isotope (δ7Li of final fluid is 55.94 ‰) is negligible compared to the effect of mixing of the two 
isotopically distinct reservoirs. However, the average Li content of the alteration phase fraction alone 
(< 11.5 wt.-%) could be as high as 5.27 µg/g and exhibit a δ7Li of 83.4 ‰, which suggests a strong 
preferential adsorption of the 7Li isotope. 
A summary of all derived data describing Li and B partitioning and isotope fractionation between 
fluids and solids is given in Table 10. Values slightly deviate when the final cooling stage is not 
excluded. Implications will be discussed below. 
1.1.3 Assessment of observed B behavior  
Overall, the documented behaviour of B in the conducted serpentinization experiments is in line 
with previous findings derived from the investigation of similar natural systems (Spivack and Edmond, 
1987; Boschi et al., 2008; Vils et al., 2008; Vils et al., 2009). Remarkable similarities can be found 
between the characteristics of serpentinized peridotite from the MAR 15°20’N Fracture zone area 
(ODP Leg 209) and the results from our 200 °C experiment. Vils et al. (2008), based on estimates 
from Bach et al. (2004), suggested a similar thermal regime (200 °C) for the serpentinization process, 
a similar estimated pH (8.2), and they determined variable degrees of alteration (50 – 100 %) that are 
close to the reaction turnover in our 200°C experiment. Our calculated B content (55.61 µg/g) for bulk 
solids at 200 °C falls well into the given range for altered bulk rock from Hole 1272A (50.3 – 65 µg/g). 
The modes of rocks from the Hole 1272A investigated by Vils et al. (2008) indicate that up to 30% 
primary phases remained unmodified during the alteration process and that the serpentinized portions 
of the rocks have B contents up to 100 µg/g in Hole 1272A. If we assume that the entire B fraction 
resides in serpentine and brucite we can calculate B contents up to 80 µg/g for the serpentinized 
portion of the solids in the 200°C experiment. The lower B contents in rocks from Hole 1274A are 
consistent with somewhat higher alteration temperatures (250-300°C estimated by Bach et al. (2004)). 
Still, even at these temperatures B is taken up by serpentinized peridotite. Our experimental results 
confirm that B is extremely enriched in the rock during serpentinization at 200°C. The magnitude of 
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enrichment in the secondary minerals was even greater at 100°C, and this also is in good agreement 
with the observed positive correlation between B contents and δ18O values of abyssal serpentinites 
(Bonatti et al., 1984). Our results hence support the idea of an increased B uptake as temperatures of 
serpentinization decrease. 
The uptake of B was accompanied by clear isotope fractionation confirming a preferred 
incorporation of the lighter 10B isotope (Δ11BS-F = -9.97 ‰ at 100 °C; Δ11BS-F = -3.46 ‰ at 200°C). The 
extent of this fractionation is apparently strongly inversely correlated with temperature, which is to be 
expected and consistent with earlier experimental and theoretical work (e.g. Wunder et al., 2005; 
Meyer et al., 2008, Kakihana et al., 1977; Liu and Tossell, 2005). Likewise, the observed enrichment 
of 10B in the secondary mineral assemblage is consistent with earlier results and model predictions. 
However, the magnitude of the predicted total fractionation is considerably greater than the 
fractionation we actually observed. At 200°C, the calculated Δ11BS-F from Liu and Tossel (2005) is -
17.80 ‰ at pH 8.2 and according to the equation introduced by Wunder et al., (2005), the expected 
Δ11BS-F is -18.71 ‰ at neutral pH. At 100 °C, the models predict a Δ11BS-F of about -24.8 ‰ (Liu and 
Tossell, 2005) and -24.77 ‰ (Wunder et al., 2005) respectively. While both estimates of Δ11BS-F are 
much greater than what we observed (about -18.7 ‰ versus -3.5 ‰ at 200 °C and about -24.8 ‰ 
versus -10 at 100 °C), the relative difference in fractionation between the two temperature levels is 
similar. 
Then again a significantly less pronounced fractionation was also reported for serpentinized 
samples from Leg1272A (Δ11BS-F = +2 - -10 ‰), but the authors subjected these compositions to a 
multi stage serpentinization that involved a successive modification of fluid chemistry through a 
Rayleigh type fractionation process (Vils et al., 2009). 
A different explanation for the deviation can be derived from a closer look at the underlying 
concept of isotope fractionation used for model predictions. In addition to the general temperature 
dependency, it is well established that the isotope fractionation is predominantly defined by B 
speciation and coordination characteristics (Spivack and Edmond, 1987; Liu and Tossell, 2005; 
Sanchez-Valle et al., 2005). Isotope fractionation occurs between different B species within aqueous 
solution (B(OH)3(aq) ↔ B(OH)4-) and also between the solution and differently coordinated mineral 
sites (Bsolution ↔ BO3; BO4 in minerals).  In these interactions the lighter 10B isotope is expected to be 
preferentially incorporated into the tetragonally coordinated aqueous B species, which can substitute 
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tetragonal lattice sites in minerals. Hence, the fractionation between fluid and mineral is strongly 
affected by B speciation within the aqueous solution, which is largely related to pH (Liu and Tossell, 
2005). As B was recently confirmed to be incorporated on tetrahedral sites in the chrysotile structure, it 
can be assumed that B is predominantly derived from B(OH)4- (Pabst et al., 2011). This explains the 
observed isotope fractionation pattern. The universal equation given by Wunder et al. (2005) is not 
directly applicable to our system as it is valid for near neutral fluids, and these authors stated that the 
fractionation they observed in experiments at rather basic conditions was significantly lower. While at 
neutral pH virtually all B in aqueous solution is trigonally coordinated, at increasingly alkaline 
conditions - as they are observed in our experiments - larger fractions become tetragonally 
coordinated, which has two consequences: (1) greater availability of tetragonally coordinated B 
facilitates total B uptake and (2) reduced fractionation of B isotopes between solids and aqueous 
solution (Spivack and Edmond, 1987; Boschi et al., 2008). Pokrovski et al. (1995) showed that a 
transition towards a larger fraction of tetragonally coordinated B and an even greater attenuation of 
isotope fractionation can be achieved by considering the additional NaB(OH)4(aq) species (not 
included in the model from Liu and Tossell (2005)). Akinfiev et al. (2006) confirmed through 
experiments the possible existence of yet another tetragonal species (B(OH)3Cl-) that may contribute 
significant percentages to the total B speciation in saline aqueous solutions in addition to 
NaB(OH)4(aq). Complementary thermodynamic modelling of the B speciation within fluids from the 
experiments conducted in this study supports these findings (see Fig. 7). 
Consequently, the NaB(OH)4(aq) and B(OH)3Cl- species should be included in any fractionation 
model dealing with saline solutions. Also, former model predictions made regarding serpentinization 
assume an exclusive fractionation between the fluid phase and tetrahedral mineral sites. But brucite 
can also take up considerable amounts of B (Früh-Green et al., 2004). Yet in contrast to chrysotile, 
brucite was found to rather adsorb the trigonal B(OH)3(aq) fraction to form binuclear surface 
complexes, which would add to the previously described attenuation of isotope fractionation 
(Pokrovsky et al., 2005; Foustoukos et al., 2008). 
Comparing bulk solid phase compositions derived from fluid mass balancing with the actual 
compositions measured in the retrieved material revealed that the latter contained significantly less B 
than what was calculated from B loss of the fluid during the experiments (49 % of the mass-balanced 
content at 200 °C and only 39 % at 100 °C). The deviation of the corresponding isotope fractionation 
was less pronounced, but the compositions of the solids indicate a larger fractionation than what was 
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derived from the fluid composition by mass balance. The fractionation, however, was still not as high 
as predicted by the models (Liu and Tossell, 2005; Wunder et al., 2005) (see Table 9; Appendix). To 
check if these differences between calculated and observed composition of the solids are the result of 
modifications in mineral modes and composition during the cooling phase of the experiment, mass 
balancing of fluid data was adjusted accordingly (including the final fluid sample after cooling).  The 
tendency for B to partition in a mineral phase is expected to increase, as temperatures drop. What we 
observe is the opposite: B was apparently lost from the solids. Cooling would increase the tendency 
for B isotope fractionation, which would be in line with observed discrepancy. On the other hand, the 
fluids become more alkaline during cooling and B speciation will shift fully to the tetragonal species, 
resulting in minimal solution-mineral B isotope fractionation,  
The most likely explanation for the observed discrepancy is that significant amounts of B were 
removed from the solid phase during the purging procedure. Mass balancing (increased Mg contents 
in solution) and reaction path modelling point to the possibility of a partial re-dissolution of 
microcrystalline brucite, which would cause a slight shift towards an overall more depleted isotopic 
signature. However this effect cannot simultaneously explain the entire observed B loss, because the 
amount of brucite dissolution retrieved from the increase of Mg in solution is too small. Consequently, 
significant fractions of B transferred to the rock during serpentinization might be only loosely and not 
structurally incorporated. This would apply especially to B adsorbed onto mineral surfaces or B 
encapsulated as rather unfractionated portions of fluid residing inside chrysotile nano-tubes. This 
observation might have important implications on remobilization of B in subduction zone environments 
(Pabst et al., 2011).  
2.5.2 Assessment of observed Li behavior 
The results of the two conducted experiments hold valuable information on the geochemical 
fractionation behaviour of Li. The observed leaching at 200 °C is in agreement with rather low Li 
contents reported for highly serpentinized peridotites from the ODP Leg 209 drill core in the MAR 
15°20’N Fracture zone area (Vils et al., 2008). Then again, depletion in the heavier 7Li isotope was 
reported for the drilled samples, whereas bulk solids retrieved form the 200 °C experiment hold a 
heavier isotopic signature (δ7Li = 15.70 ‰) compared to the starting material (δ7Li = 5.26 ‰). 
Moreover the fluid based mass balance suggests the addition of a Li fraction to the fluid with a δ7Li 
that is even lower than that of the olivine reactant, which apparently indicates a preferential leaching of 
Li and B isotope fractionation   87
the 6Li isotope. But this is an artefact from the superposition effect of (1) two Li fractions mixing (Li 
from the dissolved olivine and the fraction present in the initial fluid budget) and (2) an isotope effect 
associated with the formation of alteration phases. No isotope fractionation should occur during olivine 
dissolution but the addition of Li with a very low δ7Li (compared to the fluid) results in a distinct shift of 
the fluid δ7Li to a lower level. Isotope fractionation occurs when minor fractions of Li are incorporated 
in newly formed alteration phases: However, in summary it appears as if Li only got leached and that 
leaching is accompanied by isotope fractionation when in fact it is not. Hypothetical content and 
isotope ratio calculated for the alteration phases (Li = 0.42 µg/g; δ7Li  = 30.58 ‰) at 200 °C support 
this scenario and indeed indicate a depletion in the heavier 7Li isotope relative to the fluid during 
isotope fractionation. Previous experimental studies showed that incorporation of Li in tetragonally 
coordinated mineral sites [4] leads to a relative enrichment in 7Li, whereas octahedral site coordination 
[6] seems to prefer 6Li (Wunder et al., 2006; Wunder et al., 2007). Hence, a rather light isotopic 
signature like reported by Vils et al. (2009) is be expected, if Li substitutes Mg or Fe [6] in serpentine 
minerals.  
Measurements of the retrieved solids of the 200 °C run yielded total lower Li contents and a 
small enrichment in 7Li when compared to the solid composition derived from fluid mass balancing 
(see Table 5 and 10). At the same time, the small remaining Li fraction in the depleted serpentine 
separate (0.17 µg/g) is well enriched in 7Li (δ7Li = 33.35 ‰), resembling the estimation based on fluid 
data and almost matching the final fluid composition (δ7LiF final = 38.62 ‰). These findings support 
the outlined sequence of olivine dissolution dominated modification of fluid isotopic composiiton and a 
subsequent limited incorporation and isotope fractionation into secondary phases like serpentine. 
Mass balance arguments can be used to show that the isotopic compositions of the final solids and 
fluids are indeed not much affected by isotope fractionation. If all the Li contained in the 3.52 g of 
reacted olvine were added to an amount of fluid equaling the average time-weighted fluid amount in 
the 200 °C experiment, the resulting isotopic composition for the final fluid is δ7Li = 34.69 ‰, which is 
quiet close to the actual value (δ7LiF final = 38.62 ‰). In a second set of calculations we assumed that 
Li content and isotopic composition of the unreacted olivine did not change and calculated the Li 
isotope ratio of a mixture with the produced serpentine. This mixture would give a δ7Li of 10.25 ‰, 
whereas the measured value is only slightly lower (δ7LiS = 9.78 ‰). The deviations between measured 
and mass-balance derived compositions do indeed indicate a distinct tendency to an enrichment of 6Li 
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in the solid (Δ7LiS-F = -8.04 ‰ from fluid balancing), but the uncertainties are quiet large as the mixing 
dominates the isotopic variability. 
While the results from the 100 °C run hold a large error, they suggest a pronounced tendency 
for Li uptake by alteration phases during serpentinization (DS/FLi100°C = 11.30) with decreasing 
temperature levels. Likewise the calculated as well as the measured increase of δ7LiS (14.42 ‰ 
respectively 10.69 ‰) of bulk solid phases can largely be subjected to the Li uptake from a reservoir 
that is extremely enriched in the heavier 7Li isotope. Nevertheless, mass balancing also indicates an 
absolute preferential uptake of the heavier isotope in contrast to the experiment conducted at 200 °C, 
where 6Li became enriched and this contradicts the known fractionation mechanism for Li described 
above. However, recent investigations revealed that 7Li-enriched water clusters filling specifically 
chrysotile nano tubes can produce serpentine assemblages exhibiting relatively heavy isotope 
signatures (Wunder et al., 2011). This high δ7Li fraction could form initially and later get lost during 
subsequent changes in the alteration environment, ultimately leaving a final mineral assemblage with 
a rather light Li isotope signature like in the MAR 15°20’N Fracture zone area. 
2.6 Summary and Conclusions 
A first experimental investigation on B and Li partitioning and isotope fractionation during 
serpentinization provides new perspectives on the geochemical behavior of these elements.  
Supporting earlier findings (Spivack and Edmond, 1987; Boschi et al., 2008; Vils et al., 2008), B 
becomes extremely enriched in the alteration process. Fluid mass balancing indicated up to 55.61 
µg/g B in final solids at 200 °C for a 70% degree of serpentinization. While reaction kinetics were slow 
and reaction turnover limited (< 12%), solid phases were also strongly enriched in B (25.33 µg/g) at 
100 °C. Normalized partitioning coefficients (DS/FB100°C = 24.20 and DS/FB200°C = 13.42) for the two 
experiments confirmed an anti-correlated relationship between temperature and potential B 
enrichment. Strong B uptake produced a product serpentinization assemblage that is depleted in the 
heavier 11B isotope. Isotope fractionation was less pronounced at 200 °C (Δ11BS-F = -3.46 ‰) 
compared to the low temperature experiment at 100 °C (Δ11BS-F = -9.97 ‰). Previous studies predict a 
much stronger isotopic effect (Liu and Tossell, 2005; Wunder et al., 2005). We suggest that 
differences in the mode of incorporation of B into serpentinization product minerals brucite (trigonally, 
adsorption as binuclear surface complexes; Pokrovsky et al., 2005) and serpentine (tetragonally, 
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structural incorporation; Pabst et al., 2011) could result in an attenuation of total isotope fractionation. 
Attenuation could be consolidated by the presence of additional tetragonally coordinated B species 
(NaB(OH)4(aq) and B(OH)3Cl-) in saline aqueous solution introduced with abundant Na and Cl. This 
effect was experimentally confirmed by Akinfiev et al. (2006) and the significant presence of these 
species in our experiments was confirmed through thermodynamic modeling. We recommend that 
future models on isotope fractionation should consider additional B species in aqueous solution and 
variable contributions of variably fractionated B from different mineral phases. Comparative 
characterization of solid reaction products revealed a significantly lower B content than expected for 
the bulk solids. This indicates that a larger fraction of fluid derived B is likely not structurally fixed (e.g. 
B adsorbed on mineral surfaces or residing in chrysotile nano tubes) and can be easily remobilized. 
The remobilized B fraction is less isotopically fractionated which has crucial implications for potential B 
transfer in subduction zone environments (Deschamps et al., 2011).  
Fluid mass balancing indicates a more ambiguous geochemical behavior of Li. At 200 °C, 
serpentinization resulted in a strong depletion of the bulk solid assemblage (0.77 µg/g; DS/FLi200°C = 
1.58), whereas a minor total enrichment could be noted at 100 °C (2.10 µg/g; DS/FLi200°C = 11.30), 
relative to the initial 1.66 µg/g of the unaltered olivine reactant. First order variability in isotopic 
composition appeared to be constrained by mixing of too isotopically distinct budgets (initial δ7LiOlivine = 
5.26 ‰ and δ7LiFluid ~56 ‰). The shift of fluid composition towards a lower δ7Li  (38.62 ‰) at 200 °C 
could almost completely be explained by addition of unfractionated Li from the dissolved fraction of 
olivine. Overall, fluid mass balancing and solid phase characteristics indicated that isotope 
fractionation plays a subordinate role compared to the mixing effect in defining the resulting isotopic 
composition of bulk solids (δ7LiS = 15.70 ‰). However, measurement of the isotopic composition of a 
serpentine separate from the 200 °C run yielded a similar δ7Li value (33.25 ‰) as what was derived 
for the alteration phase fraction through fluid mass balancing (30.58 ‰). These values fall somewhat 
below that of the final fluid and indicate a minor preferential uptake of the 6Li isotope. This is in line 
with earlier findings that 6Li should be preferentially incorporated on octahedral sites in serpentine 
(Wunder et al., 2006; Wunder et al., 2007). At 100 °C Li uptake during incipient serpentinization is 
stronger and in contrast to the 200 °C experiment characterized by an enrichment in the heavier 7Li 
isotope. As chrysotile is likely to be the predominant serpentine phase in our experiments, this minor 
enrichment in 7Li can be subjected to incorporation of 7Li-rich fluid fractions within chrysotile nano 
tubes (Wunder et al., 2011). While these results do not provide information on equilibrium Li isotope 
90  Chapter 2 
fractionation, they demonstrate the importance of considering mixing effects between different 
reservoirs when using Li as potential tracer for water rock interactions associated with 
serpentinization. 
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2.8 Appendix 
Details of Li and B fluid based mass balancing 
Isotope ratios of used standards: 
11RNIST951 = 4.04362  7RNIST8545 = 12.11125 
(1) Conversion of fluid δ11B and δ7Li values to isotope ratios: 
  
 

 

  
 


   
    
 

 

  
 


   
  
(2) Absolute amount of B and Li in fluid at a given point in time (t): 
             
(3) Absolute amount of B and Li transferred between two sampling intervals: 
               
               
(4) Absolute amount of B and Li in fluid at the time of sampling (t) with sample included: 
 
         
 
         
(5) Universal calculation of isotope fractions n11B, n10B, n7Li and n6Li: 
   

    
   
 

 
   

    
   
 

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(6) Specific isotope fractions of transferred B and Li: 
            
              
   
            
              
   
(7) Derivation of isotope ratio and δ11BF→S and δ7LiF→S of transferred fractions: 
  
 

 

    
 

 

  
    




   
    




   
Results of fluid based mass balancing of B and Li are reported in Table 9 (Appendix). 
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3.1 Abstract 
The serpentinization of olivine-rich troctolites was investigated in multiple batch experiments (300 °C, 
400°C and 400 bars) using a Dickson-type flexible reaction cell setup. Forsteritic olivine (Fo91) and 
anorthite-rich plagioclase (An95) were reacted with aqueous solutions of 3.2 wt.-% NaCl. During the 
experiment reaction progress was tracked through episodic fluid sampling from the reaction cell and 
subsequent comprehensive characterization of the produced mineral assemblages. The experiments 
confirm earlier findings that the alteration process is predominantly controlled by low silica activities 
resulting from the serpentinization of olivine and Ca and Si released upon the successive desilication 
of plagioclase. At 300 °C Si activity in the system is buffered by serpentine-brucite and at reaction 
turnover of 78% the reaction produced serpentine, brucite, magnetite, chlorite and xonotlite 
±andradite. The initial reaction powder was completely cemented to a solid block by alteration phases 
serpentine, chlorite and xonotlite. Diffusional mass transfer of Ca ±Si occurred along a concentration 
gradient towards lower W/R ratios in the more isolated portions of the solids. As a consequence, local 
domains developed within the solid reactant that feature distinct mineral assemblages indicative for 
extremely low silica activities (magnetite, brucite, serpentine) in the exterior and high Ca availability 
(xonotlite next to unreacted plagioclase) in the interior. Magnetite formation produced up to 20 mM 
concentrations of H2, highlighting the potential of the process to provide an energy source for microbial 
communities. At 400 °C forsteritic olivine is part of the equilibrium mineral assemblage and Si activity 
is buffered at a higher level. At a reduced reaction turnover of 52% by weight, alteration products 
comprise chlorite, diopside, andradite, xonotlite and grossular ± serpentine. Solids were cemented and 
inward directed Ca mass transfer occurred like in the 300 °C experiment. The resulting assemblages 
comprise chlorite, diopside, andradite and unreacted olivine in the outer (less isolated) domain in 
contrast to chlorite, xonotlite, grossular and unreacted plagioclase ±olivine in the more isolated interior 
parts. In addition, a massive occurrence of almost pure diopside was observed at the fluid-solid 
interface. Andradite was more abundant than in the 300 °C run and magnetite was virtually absent., 
The overall H2 production was lower (maximum of 4 mM after 238 hrs) and, moreover, most of the 
initially produced H2 was depleted from the fluid as the reaction proceeded (0.24 mM after 1174 hrs). 
While the described mineral assemblages are similar to those previously reported for altered olivine-
rich troctolite, pronounced differences like the occurrence of xonotlite instead of prehnite and the 
abundant diopside and chlorite were also noted.  These phases occur in certain domains as part of a 
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strong metasomatic zoning within the solid reactant.  The zoning is a consequence of an increased 
mobility of Ca and Al in the experiment, which may be facilitated in the highly permeable granular 
materials when compared to a compact rock. 
3.2 Introduction 
Oceanic core complexes are the result of extensive detachment faulting and exhumation along 
slow and ultraslow spreading ridges and provide a unique opportunity to study fluid-rock interactions 
between seawater and ultramafic lithologies (Blackman et al., 1998; Smith et al., 2008; Smith et al., 
2012). During the last decades these unique settings have attracted increasing interest by the 
scientific community, especially as the hydrothermal systems hosted in oceanic core complexes 
produce some of the most fascinating geochemical environments on earth (Charlou et al., 2002; 
Schmidt et al., 2007; German et al., 2010). The hydrothermal fluids originating from alteration of 
ultramafic rocks are often extremely enriched in H2 and CH4 and were repeatedly discussed as a 
potential energy bases for communities of chemolithoautotrophic microorganisms present at 
hydrothermal vent systems (Takai et al., 2004; McCollom and Bach, 2009). The production of H2 and 
CH4 is commonly related to serpentinization of peridotites (Charlou et al., 2002; Sleep et al., 2004; 
Takai et al., 2004; Proskurowski et al., 2006; Konn et al., 2015) and hence most studies investigating 
the underlying reaction pathway focused on these lithologies (Seyfried et al., 2007; McCollom and 
Bach, 2009; Klein et al., 2009; Cannat et al., 2010; Klein et al., 2013). However, other lithologies can 
be associated with oceanic core complexes (OCCs) and especially interesting is the lithological variety 
of the crust – mantle transition zone. Rodingitization of gabbroic rocks is driven by the specific nature 
of serpentinization reactions of surrounding peridotites (Frost et al., 2008; Bach and Klein, 2008). 
Where felsic rocks have impregnated mantle peridotite, abundant talc, tremolite, and chlorite form at 
temperatures where pristine peridotite would remain unaltered (Jöns et al., 2010). These metasomatic 
reactions are driven by strong contrasts in chemical potential between major rock components, such 
as silica (Frost and Beard, 2007; Klein et al., 2009; Klein et al., 2014). Troctolites provide an excellent 
example of a rock in which the enhanced compositional contrasts between olivine and plagioclase are 
key to the reactions observed during hydrothermal alteration (Frost et al., 2008). Troctolites are a very 
common lithology in the lower crust and curst-mantle transition zone.  They consist predominantly of 
forsterite-rich olivine and calcic plagioclase (±diopside), and were long believed to represent magmatic 
cumulates. The origin of troctolites may be varied, however, and is subject to an ongoing discussion 
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(Ildefonse et al., 2006; Blackman et al., 2011). Abundant olivine-rich troctolite was recovered during 
IODP expedition 304-305 (Atlantis Massif), containing olivine with mantle composition, whereas 
plagioclase and diopside exhibit characteristics matching a typical MORB melt composition (Blackman 
et al., 2011). Based on this observation several authors proposed a formation mechanism by which 
mantle-crust transitional dunite or a primitive olivine cumulate was infiltrated by a MORB-melt 
saturated with respect to plagioclase (± diopside) (Suhr et al., 2008; Drouin et al., 2009; Drouin et al., 
2010). Similar formation hypothesis were formulated for troctolites from the Kane and Godzilla 
Megamullion oceanic core complexes (Dick et al., 2008; Sanfilippo et al., 2013) and olivine-rich 
troctolites described in the Ligurian ophiolite (Renna and Tribuzio, 2011; Sanfilippo and Tribuzio, 
2013). Nakamura et al. (2009) investigated altered olivine-rich troctolites associated with the Kairei 
hydrothermal vent field and highlighted the potential of troctolite-seawater reactions for producing 
strong enrichments of H2, similar to those resulting from serpentinization of mantle peridotites. In this 
context Kumagai et al. (2008) emphasized the significance of this type of H2 production pathway for 
the early emergence of life as troctolite chemistry resembles the geochemical character of komatiites. 
H2 production through serpentinization of mantle peridotite in Achaean times is less likely as strong 
magmatic activity probably limited exhumation of mantle rocks, yet komatiites constituted a wide 
spread type of rock (Kumagai et al., 2008).  
However, only a few studies exist that investigate the mineralogical and geochemical impact of 
serpentinization of troctolitic rocks (Frost et al. 2008; Beard et al. 2009; Nakamura et al. 2009). Frost 
et al. (2008) realized that the alteration process of troctolites resembles a closed system 
rodingitization, in which olivine represents the ultramafic rock and plagioclase the gabbroic component 
in one rock. The observed mineral assemblages include serpentine, magnetite ±brucite and talc after 
olivine as well as prehnite, grossular ±hydrogrossular and clinozoisite after plagioclase, whereas 
additional chlorite ±tremolite are found at the contact of the two primary mineral phases (Frost et al., 
2008; Nakamura et al., 2009). Alteration of the Kairei field troctolites (Nakamura et al., 2009) is 
considered to have prevailed at higher temperatures (about 400 °C). But Frost et al. (2008) suggest a 
somewhat lower level for the troctolites from Atlantis Massive (roughly <350 °C). Similarly, Bach and 
Klein (2008) suggested that rodingitization can only proceed if the olivine reacts to serpentine and 
brucite, which does not take place at temperature > 350°C. Nozaka and Fryer (2011) suggested that 
at T>450°C, coronitic replacement of olivine and plagioclase by tremolite and chlorite takes place. The 
temperature dependency of troctolite alteration has not been explored experimentally.  
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Aiming for a better understanding of the processes that control the alteration of olivine-rich 
troctolites at temperatures where brucite is stable (300°C) and where it is not stable (400°C), we 
conducted multiple batch experiments reacting salt water with forsteritic olivine and anorthite-rich 
plagioclase. Concomitant fluid samples and solid reaction products were subjected to a 
comprehensive characterization to enable a profound assessment of the alteration process. 
3.3 Experimental Design & Analytical Methods 
Hydrothermal alteration experiments were conducted using a modified version of a Dickson-type 
hydrothermal apparatus (Dickson et al., 1963; Seyfried et al., 1987). Solid and fluid reactants were 
transferred into a flexible gold reaction cell (Vtotal ≈ 100 ml), which was sealed through a titanium 
closure and itself encased in stainless-steel pressure vessel filled with distilled water. Placed in an 
electric ceramic heater arrangement and connected to a hydraulic pump system, temperature (max. 
400 °C) and isostatic pressure (max. 565 bars) applied to the gold bag could be controlled 
independently. A titanium access tube connected to the titanium closure piece enabled repeated fluid 
sampling through an attached custom-fitted valve.  
Olivine crystals of forsteritic composition (Fo91) and anorthite-rich plagioclase from Miyake-jima 
volcano (An95) were used to prepare a mixture of mineral reactants resembling the mode of an 
olivine-rich troctolite (see Table 2). Due to their gem-like quality, a pure olivine powder mineral 
separate (50 – 100 µm) could be obtained immediately via grinding and sieving a number of 
handpicked translucent crystals. As the anorthite occurred in close association with small olivine 
grains and volcanic scoria, pre-processing required an additional step of moderate crushing and 
separation using a magnetic separator. 
Aiming for an olivine-dominated troctolite composition as reported by Nakamura et al. (2009), 
olivine and plagioclase powder separates were mixed and homogenized in ratio of 3.5 to 1. 
Accordingly, a mixture of 12.96 g of olivine and 3.70 g of plagioclase each were weight into two readily 
conditioned gold reaction cells. Considering volume expansion at experimental conditions, a maximum 
of about 54.12 g (53 ml) of a previously prepared solution of seawater similar salinity (3.2 wt.-%) was 
added as the reacting fluid phase. Initial oxygen fugacity was minimized via thorough bubbling with N2 
gas, prior to sealing and confining the bag inside the pressure vessel. Likewise remaining headspace 
was repeatedly flushed with N2 utilizing the sampling valve and ultimately removed entirely via 
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moderate pressurization prior to heating. Subsequently the two setups were heated to 300 and 400 °C 
respectively, while pressure was maintained at a level of 400 bars in both experiments. 
 While carefully discarding a certain aliquot of dead volume, concomitant fluid samples were taken 
repeatedly and analyzed for salinity, pH, and concentrations of dissolved ions as well as H2 and CH4. 
After a total runtime of approximately 1800 hours, both vessels were slowly cooled down to room 
temperature and solid reaction products were quantitatively retrieved from the open reaction cells. 
Solids were repeatedly purged and centrifuged with ultrapure water, dried, and subjected to 
comprehensive geochemical and mineralogical analyses. 
Fluid salinity was determined with an Atago® Master-S/Millα refractometer and used as an 
indicator for potential leakage between pressure vessel and reaction cell. Evolving pH was measured 
at 25 °C using a micro-pH-combined A-157 electrode attached to a Schott® Instruments Lab 850 
device following a 3-point calibration with suitable Schott® buffer solutions (pH 4.01, 7.00 and 10.01). 
Dissolved elemental components were quantified via ICP OES (Agilent 720 – Si [251.611 nm], Ca 
[317.933 nm], [Na [589.592 nm]) at the Sediment Geochemistry Division of MARUM Centre for Marine 
Environmental Sciences and ICP MS (Thermo Finnigan Element2TM – 24Mg, 27Al in medium resolution) 
in our own lab. Yttrium was used as internal standard for the ICP-MS analyses; precision (<1.1 RSD% 
for Mg and Al) and accuracy (<3.5% deviation of expected values for Na, Mg, Al, Si, Ca) were 
controlled through replicated measurements of NASS-5 and an independently prepared standard 
solution. Signals for Ti, Cr, Mn, Fe and Ni consistently stayed below detection limits for both methods.  
Fluid aliquots for H2 and CH4 quantification were sampled into pre-weighed Hamilton® gastight glass 
syringes and analyzed within 1 hour using an Agilent® 7820A Gas Chromatograph equipped with a 
packed 60/80 Mol Sieve column following headspace extraction. While N2 was used as carrier (0-4 
min - 10 mL min-1; 4-7 min – 25 mL min-1) and oven temperature was maintained at 40 °C, gas 
components were detected with a thermal conductivity (200 °C, H2) and a flame ionization detector 
(350 °C, CH4). The instrument was calibrated using a Scotty® certified gas standard mixture (1 mol-% 
CO2, CO, H2, CH4, O2 in N2). Accuracy was consistently better than 4% deviation from the expected 
standard value.  
Solid reactants and reaction products were characterized by a variety of microscopic and 
analytical methods, including X-ray powder diffraction (XRD), scanning electron microscopy (SEM) 
and elemental mapping with Energy-dispersive X-ray spectroscopy (SEM EDX) on fragments of the 
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retrieved cemented crust. Electron microprobe analyses (EMPA) were carried out on fragments of the 
encrusted solid reactants prepared as polished, carbon coated epoxy mounts. A Bruker D8 Advance 
was used for powder diffraction measurements operating with a Cu anode at 40 kV and 40 nA, while a 
Ni foil screen was used to filter Fe fluorescence radiation (Crystallography Division, University of 
Bremen). SEM analytics were carried out on a Zeiss SUPRA 40 FESEM equipped with a Bruker 
Modell XFlash 6 | 30 EDX system at 15 kV accelerating voltage and with 1 μm beam diameter 
(Historical Geology and Paleontology Division, University of Bremen). Comprehensive microprobe 
analysis of mineral phases were done on a CAMECA SX100 at 15 kV acceleration voltage, 15 nA 
beam current at full beam focus, while counting 20-40 s on peak and 10-20 s on background. 
Plagioclase was measured with a slightly unfocused beam. Additional bulk analysis of educt and 
product powders were conducted via ICP OES following acid digestion with a x:y:z mix of 48 wt.-% 
HF, 32 wt.-% HCl and 65 wt.-% HNO3 at 150 °C. Fractions of different mineral phases in the product 
assemblage were derived from thermogravimetric (TG) and magnetometric (AGFM) measurements. 
Phase characteristic dehydration was quantified using a NETZSCH STA 449 F3 Jupiter® Thermal 
analyzer with a defined heating program (30 – 1440 – 30 °C) at a heating rate of 5 °C/min, calibrated 
against a simultaneously measured empty Al2O3 crucible (Crystallography Division, University of 
Bremen). The ferrimagnetic magnetite fraction was determined with a Princeton MicroMagTM 2900 
Alternating Gradient Magnetometer following the method described by Flanders (1988) (Marine 
Geophysics Division, University of Bremen). Determined saturation magnetization MS was calibrated 
against a sample of identical weight consisting of pure magnetite (62.2 Am2/kg from Peters and 
Dekkers (2003)). 
Phase relations in the system MgO-CaO-SiO2-Al2O3-H2O were calculated with a customized 
Geochemists Workbench® (GWB) database (300, 400 °C – 500 bars) (Bethke, 2005). Additional 
phase relations for meta-stable anorthite-chlorite and forsterite-xonotlite reactions were derived from 
log K values calculated with the SUPCRT92 (Johnson et al., 1992) code and employing a database 
compiled by Klein et al. (2013) and complemented with thermodynamic data for xonotlite reported by 
Blanc et al. (2010). Evolving in-situ fluid pH and activities of Ca2+, Mg2+ and SiO2(aq) were computed 
using the EQ3/6 (Version 8.0) software code introduced by Wolery (1992). Fluid characteristics, 
determined at room temperature and normal pressure, were used as input parameters. Calculations in 
EQ3/6 are based on a set of log K values for the dissociation of different chemical components (e.g. 
minerals, aqueous species), various models describing corresponding activity coefficients (e.g. B-Dot, 
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extended Debye-Hückel; Wolery and Jove-Colon, 2004) as well as a reference redox state for a 
defined range of pressures and temperatures. The included EQ3NR code can be used to calculate the 
basic thermodynamic state of aqueous solutions with respect to distribution of different aqueous 
species and their activities based on previously collected input parameters (e.g. elemental 
concentrations, pH, fO2). Output data produced with EQ3NR can be used as a starting 
parameterization for the EQ6 reaction path modeling code that can be utilized to model fluid speciation 
at elevated temperatures or fluid-rock interactions. Customized databases for EQ3/6 were created 
using the SUPCRT92 code for thermodynamic modeling of standard thermodynamic properties for 
minerals, gases and aqueous species introduced by Johnson et al. (1992). For modeling of in-situ fluid 
chemistry at 300 °C respectively 400 °C we created a customized database covering a temperature 
range from 0 to 400 °C in 25 °C increments at a constant pressure of 400 bars. For reaction path 
modeling we used the customized database described in Klein et al. (2013) which contains several 
adjustments regarding basic relations in context of serpentinization reactions. Log K values included in 
the database cover an identical temperature range as above at a constant pressure of 500 bars. The 
equilibrium constants of mineral dissolution and and aqueous acid-base and redox reactions are 
strongly temperature dependent, but small variations in pressure (i.e. 500 vs. 400 bar) can be 
regarded negligible. Following an initial speciation and heat-up of the 3.2 wt.-% NaCl solution using 
EQ3NR and EQ6, reaction path modeling was conducted using the EQ6 titration mode. In these 
simulations, a total amount of olivine-plagioclase mixture equal to the average W/R and composition 
used in the experiments was added to the fluid phase in small aliquots until the entire mass is reacted. 
Reaction progress is expressed through the dimensionless parameter ξ that varies between 0 and 1. 
When ξ approaches 1 all of the solid reactant has been added. The results are reported in an output 
file that contains the solid phase assemblage in equilibrium with the fluid for each reaction step, the 
exact amount of reacted reactants as well as fluid speciation details.  
3.4 Results 
3.4.1 Time series evolution of fluid compositions 
Characterization of concomitant fluid samples provided ad hoc information on the on-going 
reaction within the flexible gold reaction cells and revealed similarities but also first distinct differences 
between the two experiments (see Figure 1 and Table 1).  The initial samples were taken right at the  
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Figure 3.1: Evolving fluid composition in the two conducted experiments. In both runs Mg, Si and Ca 
show an initial increase as the reactants get in contact with the fluid and incipient hydrolysis occurs. 
(A) In the 300 °C run Mg immediately starts to get depleted, whereas Si remains constant at first and 
Ca exhibits a strong increase during the first 200 hrs. Subsequently all components get depleted, 
resulting in a final fluid that is extremely depleted in Mg and Si, whereas Ca stays at an elevated level 
around 1 mmol/kg. Simultaneously the fluid becomes increasingly alkaline as the reaction consumes 
H+ (final value is 7.2 while in-situ pKW is about 11.1). The process also generated considerable 
amounts of H2, reflecting serpentinization associated magnetite formation. (B) The reaction at 400 °C 
produced a similar evolution pattern for Mg and Ca with an even greater initial enrichment for the 
latter. Then again Si levels are increasing throughout the experimental runtime as the system is 
buffered by a serpentine-forsterite assemblage in contrast to a serpentine-brucite buffering which acts 
at 300 °C. Changes in pH are very small and limited to a rather neutral level. After an initial increase, 
H2 becomes depleted indicating a hydrogen consuming process. 
start of the runs prior to heating. As both experiments used the same fluid and solid reactants in 
identical proportions, the characteristics of these samples proved to be identical within error. Incipient 
hydrolysis of olivine resulted in a sharp increase of Mg concentration (153 µmol/kg (µM)). A 
simultaneous increase of Si (~25 µM) as well as Ca (25 µM) and Al (7 µM) through incipient 
plagioclase dissolution was less pronounced. The pH value stayed at a neutral level of about 6.6 (at 
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25 °C). Major changes in fluid chemistry were observed after subsequent heating of the experimental 
setups to the designated temperature levels (300 and 400 °C).  
Within the first 200 hrs, Mg was rapidly depleted from the fluid at 300 °C (14 µM), whereas Si 
levels remained virtually unchanged (34 µM) and Ca concentrations even increased to over 2 mmol/kg 
(mM) (see Figure 1 A). In the later stages of the reaction, all elements were gradually depleted from 
the fluid, indicating the formation of secondary alteration phases. After 1200 hrs, final Mg and Si levels 
were lower than 10 µM while Ca stayed well above 1 mM in concentration. Reactions at 300 °C 
involved a net consumption of H+ ions that shifted fluid pH to increasingly alkaline levels. Modeled in-
situ pH increased from an initial 6.4 to a final value of 7.2 (pKW at the respective pT conditions is 
11.086). Considerable amounts of H2 were produced throughout the experiment indicating significant 
oxidation of ferrous to ferric iron like it is expected for serpentinization type hydration reactions. H2 
concentrations steadily increased to 20.1 mM after 1174 hrs. Small amounts of methane (< 40 µM) 
were also detected, suggesting that minor fractions of dissolved inorganic carbon (DIC = CO2(aq), 
HCO3- and CO32-) had remained in the fluid reactant even after thorough purging with N2 and were 
reduced to methane by reaction with H2.  
In the 400 °C experiment, Mg concentrations rapidly decreased like in the 300 °C run, whereas Si 
concentrations continuously increased to about 0.8 mM after 1200 hrs (see Figure 1 B). Calcium was 
initially enriched to more than 3.5 mM but decreased to a final level close to that observed in the 
300 °C experimental run. Proton activity at 400 °C remained almost unchanged at near-neutral pH 
level around 6 (in-situ pKW is 11.356) in the course of the experimental runtime. While the initial 
reaction also produced up to 4 mM dihydrogen after 238 hrs, the concentration within the fluid then 
decreased to almost 200 µM at the end of the experiment. While quantification of CH4 at 400 °C yields 
5 fold increased concentration (max. 250 µM) relative to the 300 °C run, a simple Sabatier type 
reaction of H2 with remnant DIC to methane (Foustoukos and Seyfried 2004; McCollom and Seewald 
2007; Bradley and Summons 2010) cannot explain the extend of the late depletion of hydrogen. This 
can be concluded from the fact that methane concentrations also drop.   
Both refractometric and ICP-OES based quantification indicate a small gradual increase of fluid 
salinity over the entire run time for both experiments. This observation is in line with an expected 
incorporation of pure H2O into secondary water bearing alteration phases like serpentine, chlorite (up 
to 13 wt.-%) or brucite (up to 30 wt.-%).  
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A summary of all fluid data is given in Table 2. Due to an unforeseen power outage both setups cooled 
down slightly ahead of the targeted termination date and final fluid samples were taken at room 
temperature. As cooling in flexible reaction cell type experiments is slow compared to a quenching 
procedure, this final phase is expected to result in a notable modification of fluid composition. While 
the effect on the product mineral assemblage can be considered minimal (the cooling period is 
sufficiently short and kinetics increasingly sluggish with decreasing temperature), the final fluid sample 
taken at room temperature can no longer be expected to be in equilibrium and was hence omitted 
from interpretation. Produced fractions of hydrogen and methane degased from the fluid phase upon 
depressurization and developed a considerable gaseous headspace at the top of the reaction cell. 
1.1.4 Mineral alteration 
Initial examination of the retrieved solids from the two experiments revealed that the reactants 
were not simply altered to a uniform powder of secondary minerals and unreacted starting material 
 
Figure 3.2: Representation of the variability of alteration modes in the conducted experiments. 
Formation of alteration phases like serpentine, chlorite, diopside and xonotlite facilitated a pervasive 
cementation. As a result of variable degrees of isolation distinct mineral assemblages occur in 
different microenvironments.  Four domains could be distinguished in the solids retrieved from the 
300 °C run, whereas 3 distinct assemblages where identified in the solid crust produced in the 400 °C 
run. Details complementing the summary of different mineral phases above are provided in the text. 
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seen in serpentinization studies. Instead, the retrieved material was completely cemented by alteration 
phases to a point where it formed a rigid block at the bottom of the reaction cell (see Figure 2).  
In order to recover the solids without damaging the gold bag, the block had to be split into several 
fragments using a chisel. As a consequence of the cementation, some fractions of the reactants 
apparently became increasingly isolated from the fluid. This variability in the degree of fluid pervasion 
resulted in the development of multiple alteration domains reflecting variable W/R ratios. Hence, a 
comprehensive characterization of the retrieved solids from the two experimental runs required a 
tailored approach to cover the full range of complexity in the alteration process.  Following the careful 
documentation of the orientation of the retrieved encrusted fragments, we selected one fragment from 
each experiment that represents the solid – fluid interface (see Figure 2). As the top interface was 
disturbed upon forceful extraction, this piece representing the interface to the fluid was taken from the 
plane that has been in contact with the sidewall of the reaction cell. While fluid access to this contact 
can be expected to have been unrestricted in the upper part, a lower domain with different mineral 
assemblages is also developed and interpreted as a result of limited fluid availability in the lower part. 
The mineralogical zonation that developed in the “whole-rock” cemented blocks was characterized on 
cut sections, which were prepared as carbon coated epoxy mounts (see Figure 2). Untreated interface 
fragments as well as polished sections were investigated via SEM imaging as well as SEM based 
EDX mapping and point analyses. An additional detailed quantitative characterization of different 
mineral phases via EMP based WDS was restricted to the sections. The remaining material was 
crushed, homogenized and subjected to XRD analyses. 
3.4.1.1 Mineral alteration in the 300 °C experiment 
Preliminary XRD characterization of prepared bulk powder from the 300 °C experiment revealed 
the presence of considerable fractions of unreacted forsterite and anorthite alongside all mineral 
phases found in a typical serpentinization product assemblage, such as serpentine, brucite, and 
magnetite. Additional contributions of xonotlite and andradite as Ca-bearing phases as well as chlorite 
as the product mineral carrier of Al were also indicated. The presence of all mineral phases could be 
confirmed in the analyzed crust specimen.  
Cut sections of the solid plug from the 300 °C experiment could be subdivided into 4 distinct 
domains. Directly adjacent to the fluid rock interface, the uppermost domain is dominated by a typical 
serpentinization product mineral assemblage (serpentine, brucite, and magnetite) with additional  
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Figure 3.3: Retrieved mineral assemblage from the 300 °C experiment I (SEM BSE). (A) A typical 
serpentinization product mineral assemblage of serpentine, brucite and magnetite ±relictic olivine is 
present in the outermost domain D1.1. The abundant presence of brucite indicates low silica activities. 
(B) Patches of brucite are highlighted in a SEM-EDX based Mg-Si element mapping corresponding to 
A. (C) Occasionally native iron occurred in the transition between D1.1 and D1.2. In addition a small 
rim of chlorite usually retraces former grain boundaries of the olivine reactant. (D) Element mapping of 
Mg, Al, Si and Fe highlight the different mineral phases. 
chlorite (D1.1; see Figure 3 A). Former grain boundaries of primary olivine are apparently traced by a 
thin band of fine-grained chlorite (< 1 µm), which is highlighted as the sole Al-bearing phase in the 
respective element mapping (see Figure 3 C-D). In some cases remnants of relict olivine, showing 
distinct dissolution features, are preserved in the center of these chlorite rims, while they were lost 
during slide preparation or were completely dissolved elsewhere. The domain is completely devoid of 
relict anorthite. The interstitial spaces between the former grain boundaries were entirely cemented 
with secondary fine-grained serpentine and patches of xenomorphic brucite, clearly visible in a Si-Mg 
contrast mapping (see Figure 3 B). In contrast, the cavities left by dissolved olivine are only partially 
filled with serpentine and the cavity walls are covered with abundant microcrystalline magnetite 
crystals (< 2 µm). Magnetite found along the cavity walls appears as idiomorphic octahedral crystals, 
whereas the iron oxide developed in the completely cemented interstitial spaces is xenomorphic. The 
transition into the deeper lying second domain (D1.2) is marked by a slightly increased thickness of 
the aforementioned chlorite rims. In contrast to D1.1, large fractions of unreacted olivine are present, 
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leaving significantly less unfilled cavities (see Figure 4 A). Brucite is no longer present and idiomorphic 
magnetite crystals seem less abundant; instead D1.2 contains large blotches of perhaps amorphous 
Fe-rich precipitates. Interstitial spaces between former olivine grains are completely cemented with 
serpentine like in D1.1. The very same mineral assemblage reappears in the outer- and lowermost 
part of the section, which represents the contact to the side and bottom wall of the gold bag. We 
suggest that the wall facilitated the access of water and therefore gave rise to an elevated W/R ratio in 
this part relative to the very core of the cemented block of solids. The transition into the 3rd domain 
(D1.3) is abrupt (see Figure 4 B-D). Small relictic olivine grains (max. 30 µm) are closely overgrown 
with a thick chlorite rim (about 20 µm), whereas serpentine and magnetite are no longer observed. 
While relictic anorthite remains absent, the interstitial spaces in D1.3 are thoroughly cemented with up 
to 80 µm long acicular xonotlite crystals (see Figure 5 A-C). Where chlorite growing into the pore 
space occurs in less dense aggregates, it shows a characteristic edge-to-face arrangement of small 
individual flake-shaped crystals. In the 4th domain (D1.4), which is considered to be the most isolated,  
 
Figure 3.4: Transitions between different domains produced in the 300 °C run (SEM BSE). (A) 
Transition from D1.1 into D1.2 is characterized by an increase in fractions of relictic olivine and a 
decrease of magnetite, whereas brucite is completely absent in D1.2. (B-C) A sharp boundary 
characterizes the transition between D1.2 and D1.3. Additional elemental mapping of Al and Ca 
clearly show the absolute limitation of Ca to the inner domains for the 300 °C run where xonotlite is 
abundant. An increase of chlorite rim thickness towards the inner domains in contrast to an increased 
abundance of serpentine in the outer domain is reflected in a stronger Al signal. 
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large fractions of unreacted anorthite could be observed (see Figure 5 D-E). At the same time olivine 
is almost entirely dissolved and once again exhibits a thick chlorite coating. Like in D1.3, the remaining 
interstitial spaces are cemented with xonotlite. The size of relictic anorthite crystals (up to 100 µm) is 
similar to the original size range of the initial reactant and angular crystal planes are still recognizable. 
This observation indicates that plagioclase dissolution in this domain was very limited. In comparing 
the observed mineral assemblages associated with the distinct domains it is striking that neither 
anorthite nor any considerable fraction of a Ca-bearing alteration phase could be observed in the outer 
domains D1.1 and D1.2. Moreover the abundance of chlorite as the sole Al-mineral are minor in those 
domains. In contrast, chlorite and xonotlite (about 47 wt.-% Ca) are the major phases in both of the 
inner domains and anorthite even appears almost unreacted in the innermost domain. This 
observation suggests a pronounced inward-directed transport of Ca, and to a lesser extent Al, along a 
gradient of decreasing W/R ratios (see also Figure 4 C-D).  
Investigation of the solid-fluid interface via SEM provided an additional perspective (see Figure 5 
F). The upper part of the interface that is considered to be more water dominated would be expected 
to resemble D1.1 and D1.2 of the described section. Indeed serpentine and chlorite are the major 
alteration phases observed, covering almost the entire surface. But in contrast to D1.1, magnetite is 
missing and instead a massive occurrence of hydrogarnet of almost pure andraditic component 
(Ø Fe / (Fe + Al) = 0.98) is developed. In some places the idiomorphic, rhombic dodecahedron-shaped 
crystals (2-4 µm) cluster to dense aggregations. Andradite occurrence and the described massive 
chlorite appearance are entirely restricted to this thin interface. Wherever it is interrupted, the revealed 
layers from directly underneath the interface reveal to be exclusively made up of serpentine, relict 
olivine and magnetite. The lower part of the interface exhibits an abrupt transition to an assemblage 
dominated by abundant xonotlite, serpentine-chlorite with minor contributions of relict olivine and 
occasional magnetite. This observation resembles the transition from D1.2 to D1.3 in the section (see 
Figure 4 B). 
The compositions of the relict olivine (Mg1.82Fe0.18SiO4; XMg = Mg / (Mg + Fe) = 0.91) and 
anorthite (Ca0.96Na0.04Al2.06Si1.96O8; XCa = Ca / (Ca + Na) = 0.96) from the 300 °C experiment 
remained unchanged relative to the compositions of the reactants (see Table 2). Serpentine 
composition measured in D1.1 yielded persistently low totals scattering around 72%, which is due to 
the less compact growth of the alteration phase. Brucite (Mg0.93Fe0.07(OH)2; XMg = 0.93) and especially 
serpentine (Mg2.92Fe0.08Si2O5(OH)4; XMg = 0.973) found in D1.1 are enriched in Mg compared to  
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Figure 3.5: Retrieved mineral assemblage from the 300 °C experiment II (SEM BSE). (A-C) The 
isolated domain D1.3 is comprised of partially unreacted olivine exhibiting a thick chlorite rim, whereas 
no unreacted plagioclase is present and the interstitials are cemented with secondary xonotlite. (D-E) 
Large fractions of plagioclase remain unreacted in the innermost domain D1.4, which distinguishes it 
from D1.3. (F) Significant fractions of andradite occur at the fluid-solid interface but the phase is 
restricted to the upper domain where the alteration proceeded at higher W/R ratios, whereas xonotlite 
is exclusive to the lower more isolated domain. Chlorite comprises the matrix in both interface 
domains. In the lower right part, where the surface is disrupted the, only serpentine and unreacted 
olivine are present directly below. 
olivine, which is in line with the abundant presence of magnetite. Measured chlorite compositions 
(Mg4.54Fe0.44Al1.51Si3.35O10(OH)8; XMg = 0.91) show no systematic differences between the different 
domains. Most analyses reveal a reduced fraction of Al and slightly increased Si, which may indicate 
some intergrowth with serpentine (see Figure 6). Regardless of the Al content, chlorite is not depleted 
in Fe compared to the olivine reactant, which is in line with the lack of magnetite as an Fe sink in the  
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inner domains at 300 °C. Xonotlite measurements reveal a correct stoichiometry 
(Ca6.03Fe0.06Al0.39Si5.65O17(OH)2) with minor fractions of Si being substituted by Al.  Average mineral 
compositions are provided in Table 2. 
 
Figure 3.6: Compositional variability in serpentine and serpentine-chlorite mixtures. Serpentine from 
the outermost domain D1.1 (300 °C) exhibits an almost pure magnesian end-member composition 
with minor additions of Fe. While serpentine contributions to chlorite (300 and 400 °C experiment) are 
not identifiable by optical measures, reduced Al fractions clearly indicate its additional presence. A 
significant amesite component is not indicated. 
3.4.1.2 Mineral alteration in the 400 °C experiment 
While solids were also thoroughly cemented to a rigid body consisting of variably altered domains, 
the experiment conducted at 400 °C produced a completely different set of product mineral 
assemblages. XRD analyses suggested unreacted fractions of olivine and plagioclase, in addition to 
strong reflexes for diopside, which was not found in the products of the 300 °C experiment. Additional 
minerals indicated by XRD include chlorite, to a lesser extent serpentine and xonotlite as well as 
andradite and grossular.  
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Figure 3.7: (A) Transition between the different domains distinguished in the cemented crust 
produced in the 400 °C experiment (EMP BSE). Reactants are almost completely transformed to a 
chlorite-serpentine mixture with additional grossular-rich garnet in the outer domain D2.1. Large 
amounts of olivine remain unreacted while exhibiting a thick chlorite rim in domain D2.2, which is also 
representative for the major fraction of the final solid assemblage at 400 °C. Diopside and andradite-
rich garnet are exclusive to this domain. (B) Transition between the lower (lower left) and upper (upper 
right) domain in the studied sample representing the solid-fluid interface (SEM BSE). The upper 
domain is dominated by chlorite and aggregations of grossular crystals. Diopside is the dominant 
mineral phase in the lower section and in contrast to the inner domain D2.2 of the section it also 
occurs in a massive form (C), only occasionally interrupted by andradite and some acicular xonotlite 
crystals. 
The uppermost domain (D2.1) in the 400 °C run product is much thinner than in the 300 °C run 
and predominantly consists of pseudomorphic chlorite after olivine (see overview in Figure 7 A). Aside 
from relict olivine, several euhedral hydrogrossular crystals (up to 10 µm) with a minor andradite 
component could be observed in the interstitial spaces. The assemblage found in the second domain 
(D2.2) makes up the largest fraction of solids retrieved from the 400 °C experiment as it also reoccurs 
in the lowermost part of the cemented block (see Figure 2). In contrast to D2.1, where olivine is almost 
completely transformed, D2.2 contains large portions of unaltered olivine reactant. Former grain 
boundaries are traced by a rim of chlorite of an intermediate but rather constant thickness of about 
5 µm (see Figure 8 A-B). Continued dissolution of relict olivine grains resulted in a small gap to the 
initial chlorite rim, as the alteration phases could equally expand into the pore space. Plagioclase in 
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D2.2 was completely dissolved and instead euhedral prismatic diopside crystals, up to 100 µm in 
length, formed in dense aggregates filling the interstitial space. Next to relict olivine and chlorite, 
diopside is the most abundant phase in the final mineral assemblage of the 400 °C run. Like in D2.1, 
garnet is an abundant mineral phase that is always observed in close association with diopside but the 
modification in D2.2 is uniformly dominated by the andradite component (see Figure 7 C-D). For the 
400 °C experiment, the 3rd domain (D2.3) is considered the most isolated during the reaction and 
exhibits a remarkable resemblance to its equivalent from the 300 °C run. Olivine in D2.3 is almost 
completely altered to chlorite, whereas unreacted plagioclase is ubiquitous and interstitials are well 
cemented with prismatic xonotlite (see Figure 9 A-D). Once again, the Ca silicate phase (like diopside) 
is associated with euhedral garnet crystals, which are dominated by the grossular component like the 
garnets observed in D2.1.   
The studied specimen from the fluid-solid interface along the wall of the gold bag was sub-divided 
into a lower and upper domain representing relatively low and high W/R ratios, respectively. Chlorite is 
the major phase in the upper part and is complemented by grossular-rich garnet.  
 
Figure 3.8: Representative SEM based BSE images from domain D2.2 from the 400 °C experiment. 
(A-B) Overview of the diopside-containing domain D2.2 with larger fractions of unreacted olivine 
surrounded by secondary chlorite. (C-D) Andradite-rich garnet is usually observed in close association 
with diopside. A Ca-Al element mapping highlights the significant grossular component (XFe = 0.81). 
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The lower domain, in contrast, is composed almost exclusively of massive diopside and associated 
andradite (see Figure 7 B-C). Apart from the overall minor contribution of Ca bearing garnets to both 
domains, this distribution represents a strong fractionation of Ca (mainly in diopside) from Al (mainly in 
chlorite and grossular). Finally it should be noted that garnet was by far the most abundant Fe carrier 
among the solids retrieved from the 400 °C experiment, although magnetite was observed as 
additional Fe-phase in the bulk powder sample (indicated by SEM based EDX).  
Similar to the solids retrieved from the 300 °C run, the composition of unreacted primary olivine 
and anorthite remained unchanged and the compositions of alteration phases did not deviate between 
different domains (see Table 3). Several chlorite analyses exhibit a reduced Al fraction, suggesting 
minor intergrowth with a serpentine phase. The chlorite is a bit more magnesian than the starting 
olivine (XMg = 0.92). In contrast, the diopside composition determined (Ca1.00Mg0.83Fe0.14Si2O6) 
reveals a significant hedenbergite component (XMg = 0.86). While andradite and grossular occur in a 
range of different compositions between the two end members, they clearly could be subdivided into 
two groups.  
 
Figure 3.9: (A-B) Transition between domain D2.2 and D2.3 (SEM BSE). (C-D) In contrast to domain 
D2.2 the innermost domain is characterized by the presence of unreacted plagioclase, whereas olivine 
transformation to chlorite-serpentine is close to completion. Instead of diopside and andradite-rich 
garnet, the most isolated domain contains abundant xonotlite and grossular-rich garnet. 
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Garnets associated with diopside in D2.2 were always dominated by andradite 
(Ca2.99Al0.37Fe1.54Si3.01O12; XFe = Fe / (Fe + Al) = 0.81), whereas the diopside free domains D2.1 and 
D2.3 contained Al-rich garnet (Ca2.98Al1.58Fe0.47Si2.88O12; XFe = Fe / (Fe + Al) = 0.23) without 
exception. Totals of the garnets scatter around 97 % indicating a small but noticeable Katoite 
component (SiO44- <–> 4(OH)-) in these hydrogarnets. 
1.1.5 Mass balancing of the overall reactions 
Multiple methods and considerations were combined to obtain an estimate for mineral proportions 
in the bulk solid assemblages retrieved from the two experimental runs. Thermogravimetric analyses 
were used to determine the mass fractions of water-bearing phases. 
3.4.1.3 Mass balance for the 300 °C run 
Two distinct dehydration events were identified for solids from the 300 °C experiment during TG 
analyses. A water loss of 1.01 wt.-% between 180 and 410 °C could be assigned to brucite solids 
(Trittschack et al., 2014). This weight loss corresponds to 3.39 wt.-% of brucite in the bulk solid 
material of the retrieved. The second dehydration accounted for 8.23 wt.-%, occurred over a wide 
range between 415 and 880 °C and could not explicitly be assigned to chlorite or serpentine (Földvári, 
2011; Trittschack et al., 2014). However, as both of these phases exhibit an almost identical water 
fraction (about 13 wt.-%) the total corresponding mass fraction is still well defined with about 64.72 
wt.-% (± 1 wt.-%), regardless of which of the two phases comprises the major fraction. A potential 
water loss for xonotlite would be very small compared to that of brucite, serpentine and chlorite and 
would fall into an identical temperature range (Esteban et al., 2003). Hence the xonotlite fraction could 
not be determined via TG. The magnetite fraction derived from multiple AGFM analyses corresponds 
to 2.40 wt.-% (± 0.3 wt.-%) of the total mass.  
These measured data provided a basic framework for a more comprehensive mass balance of 
the abundance of solid phases considering elemental budgets. The absolute amounts of the major 
components Mg, Fe, Si, Ca, Al, Na and O in the system are given through the input amount of olivine 
and plagioclase reactant. This input was balanced against the elemental budget defined by the known 
mineral fractions (serpentine, chlorite, brucite, magnetite). Additionally fractions for unreacted olivine 
and plagioclase as well as product andradite and xonotlite were estimated based on the determined 
compositions of those phases. Unknown fractions of olivine, plagioclase, andradite, and xonotlite were 
estimated by finding the smallest sum of squared residuals between precursor composition and a  
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mixing model of all identified phases. Being the major Al-bearing phase, the fraction of produced 
chlorite defines a minimal amount of reacted plagioclase which in turn defines a minimal amount of 
xonotlite which was the single Ca-bearing phase produced in the 300 °C experiment. Andradite 
introduces some uncertainty in this regard, but the abundance of the this phase was restricted to the 
solid-fluid interface and it is expected to contribute only a very small fraction of the bulk solid and will 
therefore not be the decisive element for mass balancing. As xonotlite incorporated significant Al 
fractions we decided not to directly couple the amount of destroyed plagioclase to the chlorite fraction. 
Then again the absolute amount of moles of product xonotlite was directly calculated from the 
estimate of destroyed moles of plagioclase minus the Ca fraction incorporated into an estimate of 
product andradite. We then used the generalized reduced gradient (GRG) method of the excel solver 
to perform a multiple nonlinear least-squares regression to find the optimal mineral proportions that 
provide a minimal deviation between input and output elemental budgets. For this purpose the 
algorithm was allowed to (1) freely adjust the amount of unreacted olivine and anorthite, (2) adjust the 
andradite fraction in a range between 0.15 and 1.5 wt.% and (3) to freely change the ratio of chlorite to 
serpentine while maintaining the quantified definitive mass fraction corresponding to 8.23 wt.-% water. 
In this modification, the model consistently failed to achieve a good agreement regarding Mg. As it is 
likely that brucite was partially dissolved during solid phase retrieval, we implemented a correction to 
account for this lost fraction. The following regression provided a very good agreement between initial 
and final elemental budgets (<< 1% deviation) and the total mass of the modeled solid assemblage 
equaled 99.97 wt.-% of the retrieved mass (18.51 g). The results are given in Table 4 and provide a 
very good match with the observations made during investigation of the prepared sections. Reaction 
turnover based on this mass balance would be 77.5% by weight.  
3.4.1.4 Mass balance for the 400 °C run 
In line with the absence of brucite in the alteration phase assemblage retrieved from the 400 °C 
run, TG analysis produced only one distinct dehydration event between 350 and 880 °C corresponding 
to combined serpentine and chlorite dehydroxilation. The weight reduction of 4.75 wt.-% corresponds 
to 38.21 wt.-% of a chlorite-serpentine mixture and indicates a smaller reaction turnover for this 
experimental run than at 300°C. Despite the fact that magnetite was not observed during EMP and 
SEM analyses, AGFM measurements clearly indicate the presence of a ferrimagnetic component, yet  
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magnetite corresponding to the derived saturation magnetization does not contribute more than 0.03 
wt.-%. 
Based on this data, the system was less well constrained than for the 300 °C experiment. 
Following the same approach of balancing elemental budgets we decided to couple the destroyed 
fraction of plagioclase directly to the amount Al in chlorite plus Al in estimated fractions for the other 
phases except diopside. As no pure serpentine end member was observed among the 400 °C solids 
and the mixed analyses revealed to be rather uniform, the system was less complex in this regard. 
The amount of diopside was subsequently calculated from Ca balancing. For the following multiple 
nonlinear least-squares regression the algorithm was allowed to (1) adjust the fractions of unreacted 
olivine reactant as well as (2) the Ca-bearing xonotlite, andradite and grossular phases. Garnet 
abundances were limited to a range between 0.5 and 2 wt.-% (3). While this mass balance is 
considered to hold a larger error because resulting garnet fractions tend to be quiet low compared to 
its apparent fraction in the sections, the deviation in the elemental budgets can be sufficiently 
minimized even without a correction like it was necessary for the 300 °C run (see Table 4). The results 
indeed appear quite reasonable as the inner domains in the investigated sections contained 
significantly larger fractions of unreacted olivine and apparently lesser amounts of relict plagioclase 
than in the experiment conducted at 300 °C. The indicated reaction turnover for the 400 °C run was 
52.2% by weight. 
3.4.2 Implications from reaction path modeling 
Reaction path modeling for both experimental runs was conducted using the EQ3/6 computer 
code to compare the experimental findings with equilibrium model predictions.  In a first step, the 3.2 
wt.-% NaCl fluid reactant was speciated with EQ3NR and subsequently heated to 300 respectively 
400 °C using EQ6. Input variables for the following titration model were chosen according to 
determined compositions and proportions of reactants olivine and plagioclase as well as the average 
time-weighted W/R (2.8) ratios in the reaction cell. Antigorite, monticellite, tremolite and amesite were 
suppressed in both runs. The first two phases are rarely observed in abyssal serpentinization 
environments. Tremolite was predicted by the model in both cases but was simply not observed and 
amesite was suppressed as multiple WDS analyzes of the chlorite-serpentine mixture didn’t indicate a 
significant contribution of this phase (see Figure 6). Suppressing amesite caused EQ6 to predict 
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clinochlore as part of the equilibrium assemblage, and chlorite was clearly identified in both runs via 
XRD, EMPA and through its characteristic edge-to-face morphology. 
3.4.2.1 Reaction path model and fluid speciation at 300 °C and 500 bars 
The reaction path model outlined above predicted a typical serpentinization product mineral 
assemblage at 300 °C, including serpentine-ss (solid solution of chrysotile, greenalite and 
cronstedtite), brucite-ss, and magnetite, in addition to clinopyroxene-ss (solid solution of diopside and 
hedenbergite) and chlorite-ss (solid solution of clinochlore and daphnite). The sole major difference to 
the assemblage produced in the 300 °C experiment is the presence of abundant xonotlite instead of 
diopside. Hence, under the premise of a pervasive reaction and an equilibrated state of the entire 
system, xonotlite would clearly not be an equilibrium phase.  
 
Figure 3.10: Reaction path model corresponding to the 300 °C experimental run. Plagioclase and 
olivine are successively added to 1 kg of fluid, where ξ = 1 represents the proportions used in the 
experiment. At the point indicated by the black solid line, the proportions of remaining reactants and 
alteration phases equal the determined reaction turnover by weight. 
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In the following order additional phases diopside, garnet, akermanite, merwinite, wollastonite and 
portlandite had to be suppressed before meta-stable xonotlite prevailed in the reaction path model 
(see Figure 10). In this regard it should be noted that the thermodynamic data for xonotlite is not very 
well constrained, as no data on the temperature-dependency of heat capacity is available (Blanc et al., 
2010). Model xonotlite also has a fixed idealized composition, whereas characterization of the mineral 
formed in the experiment revealed a significant Al component.  
In addition, the observations made on the retrieved solids do not support the assumption of a fully 
equilibrated system but rather the development of different domains, which likely reflect local 
equilibrium. Despite the implied limitations of the model the proportions of different mineral phases 
that are indicated for the calculated reaction turnover (77.5% by weight corresponding to a ξ of 0.75; at 
this point the alteration products produced in the model contributed 77.5% of the solid phase weight) 
resemble the proportions derived from analyses and mass balancing (see Table 4). Accessory 
andradite is missing in the predicted assemblage, but as it is restricted to the described interface it 
cannot be expected to occur in the same equilibrium assemblage as the other minerals. Also, the 
model underpredicts the abundance of brucite. The latter discrepancy could be explained if the olivine 
in the experiment reacted faster than the plagioclase. 
   
Figure 3.11: Evolution of the abundance of different Ca species as well as SiO2(aq) in the reaction 
path model corresponding to the 300 °C run. As an increase of ξ equals the addition of reactants it 
also equals a reduction of the W/R ratio. The depletion of all components towards higher values of ξ 
supports the hypothesis of a diffusional gradient that facilitates a mass transfer towards lower W/R 
ratios, which are suggested for the inner, more isolated domains in the 300 °C experimental run. 
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In addition to the information on mineral types and proportions produced in the alteration process, 
the reaction path model also provides detailed information on fluid composition and speciation and 
these data can be used to develop an understanding for the reasons behind the mass transfers that 
gave rise to the development of the different domains.. Following up on the observation that Ca-
bearing phases were almost entirely restricted to the inner domains at 300 °C, determining Ca 
speciation as a function of different W/R was of particular interest. In the ambient aqueous solution, 
Ca is predicted to occur as Ca2+, CaOH+, CaCl+ and CaCl2(aq). All species rapidly become enriched in 
the fluid as anorthite is added in the titration model (see Figure 11). As more rock is reacted, the pH 
shifts to increasingly alkaline levels, and CaOH+ becomes the predominant species with a final 
contribution of almost 75%. But while the distribution between the different species is predicted to vary 
as more rock is reacted, they always share an equal trend towards lower or higher concentrations. 
After an initial increase (0 < ξ < 0.2), overall Ca within the fluid was depleted to significantly lower 
levels in the later stages of the model (0.2 < ξ < 1).  The change from enrichment to depletion 
corresponds to the point from which the amount of Ca consumed by formed xonotlite exceeds the 
amount added by dissolved anorthite. An identical result is produced, if additional minerals are not 
suppressed and diopside prevails in the model. As discussed by Klein and Bach (2009), the increasing 
of ξ in the reaction path model can also be interpreted as a decrease in W/R ratios as each step 
involves the addition of another aliquot of solid reactant. Hence, the model supports the hypothesis 
that Ca mass transfer might have occurred along a steep concentration gradient towards lower W/R 
ratios like they can be expected for the increasingly isolated domains D1.3 and D1.4. Thus while 
equilibrium conditions would not favor xonotlite formation, this mechanism might have led to a 
significant local increase in Ca activity ultimately favoring the precipitation of the Ca-Si phase. At the 
same time it would provide a possible explanation for the absence of Ca phases in the outer domains. 
Si species NaHSiO3(aq) and HSiO3- comprise larger fractions with increasing pH but SiO2(aq) 
continues to contribute the major fraction until the end of the model run. Overall Si concentration 
shows a similar development as Ca and an analogue inward directed mass transfer can be expected. 
Facilitation of reduced Si activities in D1.1 could explain the greater abundance of brucite in the 
studied solids from the 300 °C experiment compared to the model results that represent a completely 
equilibrated system. 
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3.4.2.2 Reaction path model and fluid speciation at 400 °C and 500 bars 
As the reaction path model calculated for the 400 °C reaction predicted a fayalite-rich olivine 
product, but the olivine in the solid assemblage exhibited an unmodified composition. We hence 
decided to add olivine with 90 Mol.% forsterite (Fo90) as a phase and suppressed olivine 
endmembers and solid solutions.  With this minor adjustment the predicted mineral assemblage, 
mainly consisting of chlorite-ss, clinopyroxene-ss, serpentine-ss, as well as a large fraction of 
unreacted olivine is in good agreement with the solids retrieved from the 400 °C experiment (Table 4). 
A mismatch between model and observation concerns magnetite, which was predicted to form instead 
of the ubiquitously disseminated andraditic garnet observed in the studied section. The model run also 
produced a very iron rich serpentine (large cronstedtite component), while the serpentine-chlorite 
mixture from the experiment was rather depleted in Fe. Magnetite, hematite, wuestite as well as the  
 
Figure 3.12: Reaction path model corresponding to the 400 °C experimental run. Plagioclase and 
olivine are successively added to 1 kg of fluid, where ξ = 1 represents the proportions used in the 
experiment. At the point indicated by the black solid line, the proportions of remaining reactants and 
alteration phases equal the determined reaction turnover by weight. 
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serpentine cronstedtite component had to be suppressed from the model before a small amount of 
metastable garnet appeared. For a ξ of 0.69, corresponding to the reaction turnover of 55.2% by 
weight, the predicted fractions of unreacted olivine and secondary diopside and serpentine-chlorite 
mixture resembled the observed proportions (see Figure 12). The predicted diopside fraction was 
somewhat higher, which can be explained by the presence of xonotlite in the reaction product, which 
according to the model cannot be stable in the presence of diopside. Also the fraction of unreacted 
plagioclase is strongly overestimated. Apparently, plagioclase dissolution rates were much greater 
than those of the olivine, and dissolution kinetics were not included in the model. Evaluation of Ca 
speciation at 400 °C indicates a similar driving force for inward-directed diffusional mass transfer, 
which is in line with the observations (see Figure 13). Contrasting the 300 °C run, silica activity and 
concentrations of the fluid increase to a higher level early on and stay at a high level until the end of 
the model run. This result is in line with increasing silica concentrations measured in consecutive 
samples taken from the experiment. Complicating the interpretation for the 400 °C run, two different 
Ca-bearing phases were observed in two different domains. Overall the results demonstrate the 
limitations of equilibrium thermodynamic modeling in explaining the produced final bulk solid 
assemblage at 400 °C.  
 
Figure 3.13: Evolution of the abundance of different Ca species as well as SiO2(aq) in the reaction 
path model corresponding to the 400 °C run. Similar to the 300 °C model, the results imply a 
diffusional gradient of Ca towards the more isolated portions of the reacting material, i.e. towards 
lower W/R ratios. 
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3.5 Discussion 
3.5.1 Interpretation of phase relations 
Activity-Activity diagrams showing the phase relations in the system CaO-MgO-SiO2-H2O as well 
as CaO-Al2O3-MgO-SiO2-H2O were prepared using the GWB® software package to enable a more 
detailed evaluation of the fluid data from the conducted experiments and from concomitant reaction 
path modeling. The mineral phases monticellite, wollastonite, tremolite, akermanite, merwinite and 
wairakite were suppressed like in the conducted reaction path models in order to match the depicted 
mineral assemblage (representing meta-stable equilibria) to the mineral phases observed in the solids 
retrieved from the experimental runs. Hence, diopside was also suppressed in the log (aCa2+/a2H+) – 
log (aMg2+/a2H+) diagram for the 300 °C run. Measured elemental concentrations and alkalinity of fluid 
samples were used as input parameters for an EQ3NR speciation and subsequent heat-up to 
experimental conditions using EQ6 to obtain in-situ activities and pH. Additional phase boundaries for 
the xonotlite-in reaction  (log (aCa2+/a2H+) – log a SiO2(aq)) as well as meta-stable forsterite-xonotlite 
transition were plotted using log K values calculated with SUPCRT92 (Johnson et al., 1992).  
3.5.1.1 Interpretation of phase relations and fluid data at 300 °C 
Plotted results from the 300 °C reaction path model provide a clear picture of the alteration 
sequence (see Figure 14 A). The initial fluid is in equilibrium with a serpentine-chlorite assemblage 
and evolves towards slightly higher silica activities. Incipient hydrolysis of the reactants involves a net 
consumption of H+ ions and the system becomes increasingly alkaline. Olivine reacts to serpentine 
and brucite (eq.1) and simultaneously the dissolution of plagioclase provides sufficient Al for the 
formation of additional chlorite, either directly from olivine (eq.2) or through the secondary 
transformation of serpentine (eq3.).  
             eq. 1 
 
        
 
         
 
eq. 2 
 
       

         
   
eq. 3 
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Figure 3.14: Activity-activity diagrams showing the phase relations in the system MgO-SiO2-CaO 
(blue dashed lines) speciated over the phase relations in the system MgO-SiO2-CaO-Al2O3 (red solid 
lines) at 300 °C and 500 bars. Changing in-situ activity characteristics of the taken fluid samples as 
well as the evolution the corresponding reaction path model fluid are plotted for comparison. While the 
overall trend of fluid sample chemistry is similar to that of the model fluid, it is systematically shifted 
towards lower log SiO2(aq) and log (aCa2+/a2H+) values as it only represents the fluid end-member that 
is in equilibrium with the outermost domain of the solid assemblage. 
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The reaction of plagioclase releases significant amounts of Ca and Si and, since no Ca-bearing phase 
is stable in this early stage, Ca activities increase which elevates log (aCa2+/a2H+). Then again, the 
expected analogue increase of silica activity is less pronounced as the reaction of brucite to additional 
serpentine consumes significant amounts of Si (eq. 4). 
              eq. 4 
These reactions continue until the fluid composition approaches the univariant serpentine-
diopside phase transition or, if diopside and garnet are suppressed, the meta-stable xonotlite-in phase 
boundary. From there on, the evolving fluid composition follows the univariant curve towards an even 
higher log (aCa2+/a2H+) and a lower log SiO2(aq). The formation of xonotlite alongside chlorite can be 
written as a desilication of plagioclase. As outlined before (eq. 2 and 3), either serpentine or olivine 
can be substituted as the Mg providing phase but the two reactions are essentially linked through the 
serpentinization reaction (eq. 1). Also, the association of serpentine with xonotlite in D1.3 and D1.4 
was rarely observe.  Hence, only the reaction in which forsterite participates is considered here (eq. 
5). 
 
      
           
eq. 5 
This reaction proceeds to the right if silica is removed from the solution. Continuing 
serpentinization of olivine in the system increases the abundance of the serpentine-brucite product 
assemblage (eq.1 and 4), which buffers silica activity to low values and provides driving force for the 
reaction. Moreover, excess Ca and Si released during the initial reaction (eq. 2 and 3) can be 
consumed in additional xonotlite formation that requires significantly less plagioclase  (eq. 6). 
 
        
   
          
 
eq. 6 
Xonotlite formation is also reflected in a depletion of Ca and Si in the reaction path model fluid 
(see Figure 11). While silica activity decreases accordingly, log (aCa2+/a2H+) continued to increase as 
rising pH through continuing hydrolysis reactions outcompete Ca depletion (see Figure 14 A-B). Eq. 2 
and eq. 6 can also be combined to eq. 5, which provides a completely mass balanced representation 
of the process with respect to Ca. 
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In addition to the mineral fractions produced through eq. 5, characterization of the retrieved solid 
phases, mass balancing and reaction path modeling indicate significant amounts of additional 
serpentine, brucite and magnetite. As the ratio of plagioclase to olivine required for eq. 5 is 1:2.5 
(compared to 1:6.7 of the reaction educts), this leaves large amounts of olivine, which are 
unaccounted for and which could react to serpentine and brucite according to eq. 1 and 4 effectively 
buffering Si activity to a very low final level. The olivine reactant also had a considerable fayalite 
component (XMg = 0.91), whereas serpentine and brucite from D1.1 were both confirmed to be 
depleted in Fe (XMg = 0.96 respectively 0.93). This observation is in line with the ubiquitous presence 
of additional magnetite in D1.1 and high H2(aq) concentrations measured in fluid samples. Taking the 
measured compositions of different phases into account, the corresponding reaction for the 
experiment at 300 °C can be given as in eq.7. 
 
        
          
eq. 7 
In contrast to the outer domain D1.1, serpentine does not occur as a pure Mg-poor chrysotile-
greenalite component but only in combination with chlorite in the inner domains (D1.3 and D1.4). The 
mixture of both phases has an overall XMg that is identical to that of the olivine reactant and hence 
ferrous iron (Fe2+) was not available for oxidation and the formation of magnetite.  
But why are magnetite and brucite restricted to the outer domains, whereas xonotlite was only 
formed in the inner domains? One answer to this conundrum might be given through the implication 
from the reaction path model discussed above, Stating that Ca and Si mass transfers occurred along 
steep concentration gradients towards lower W/R ratios (as ξ → 1). We suggest that the initial reaction 
of olivine and anorthite following eq. 2 and 3 produced excess amounts of Si and Ca. These solutes 
then underwent diffusional transport along a steep concentration gradient towards lower W/R ratios 
and the more isolated portion of the reactants (see Figure 2). As a result of this process Ca and Si 
activities in the inner domains D1.3 and D1.4 could have become sufficiently high to ultimately enable 
the formation of xonotlite. This sequence of events would also explain why unreacted plagioclase 
occurred in the innermost domain, as overall high Ca and Si levels only required a limited additional 
desilication of plagioclase to form xonotlite. Likewise, the same process facilitated increasingly low Si 
and Ca activities in the outer domain D1.1. The fluid samples from the 300 °C experimental run do not 
follow the evolving fluid composition from the corresponding reaction path model. However the final 
Troctolite alteration   139
trend towards lower silica activities and higher log (aCa2+/a2H+) is similar, while both values are 
significantly lower (see Figure 14 A). This is in line with the considerations given above, because the 
fluid samples taken from the reaction cell can be expected to be in equilibrium with the outer domains. 
However, if the composition and speciation of the innermost fluid fraction were controlled by the 
formation of chlorite-serpentine and xonotlite (eq. 5 and 6), the outermost fluid fraction would still 
follow the same trend, as their chemistry is coupled trough the diffusional gradient. This hypothesis 
would also explain the crucial underestimation of brucite by the reaction path model, as the reduced 
silica activity in D1.1 might have significantly consolidated brucite stability. 
3.5.1.2 Interpretation of phase relations and fluid data at 400 °C 
Fluid samples from the 400 °C experiment and the fluids of the corresponding reaction path 
model provide a less clear picture of the alteration process. After a brief initial reaction, both the 
reaction path fluid as well as the in-situ chemistry of the fluid within the reaction cell are in equilibrium 
with a forsterite-chlorite mineral assemblage. Accordingly, the very first minor changes in the reaction 
path fluid chemistry  (ξ = 0 – 0.001) are associated exclusively with the dissolution of the unstable 
plagioclase component, resulting in an increase of silica activities and log (aCa2+/a2H+) (see Figure 15 
A-B). Significant fractions of alteration phases are not formed before the evolving fluid approaches the 
univariant forsterite - diopside phase boundary. Because reaction 1 does not proceed at 400 °C 
(McCollom and Bach, 2009), brucite is no longer part of the equilibrium mineral assemblage silica 
activity is buffered at a higher level by the assemblage forsterite-serpentine. As silica becomes 
available through the dissolution of plagioclase, forsterite will directly react to serpentine (eq. 8) or 
rather chlorite is formed according to reactions given above (eq. 2 + 3).  
              eq. 8 
Finally the model fluid reaches the univariant forsterite - diopside line and the model starts to 
produce diopside and chlorite (eq. 9).  
              eq. 9 
Once again, the fluid samples follow a similar trend of increasing, decreasing and stagnating 
activities although the activity values do not plot on the univariant lines. However, like for the 300 °C 
experiment, reaction path modeling results indicate a diffusional gradient (see Figure 13) that could 
result in an inward directed mass transfer of Ca that shifts local Ca activities (e.g. in D2.2 and D.2.3) to  
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Figure 3.15: Activity-activity diagrams showing the phase relations in the system MgO-SiO2-CaO 
(blue dashed lines) speciated over the phase relations in the system MgO-SiO2-CaO-Al2O3 (red solid 
lines) at 400 °C and 500 bars. Changing in-situ activity characteristics of the taken fluid samples as 
well as the evolution the corresponding reaction path model fluid are plotted for comparison. Despite a 
similar observation as for the 300 °C data can be made for in-situ fluid sample characteristics of the 
400 °C run, the systematic shift is limited to the Ca activity log (aCa2+/a2H+). This result is in line with 
the model speciation derived implication that only Ca is subject to diffusional mass transport at 400 °C. 
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a higher level (see Figure 15 A-B).   
While the chlorite, serpentine, diopside product mineral assemblage and the relative stability of 
the olivine reactant clearly dominated the reaction in the experiment conducted at 400 °C, additional 
phases andradite, grossular and xonotlite were also observed, which demonstrates the limitations of 
equilibrium thermodynamic reaction path modeling. To a certain extend metastable phase equilibria 
can be investigated through selective suppressing of phases from the model like it was done for the 
300 °C reaction. However, the domains developed in the 400 °C experiment are so varied that the 
entire product mineral assemblage cannot be accounted for in a single model run. While minor 
magnetite contributions were indicated by magnetometric analyses, the phase was barely observed 
during solid phase characterization, yet magnetite had to be suppressed from the model to produce 
the abundantly observed andradite. Frost and Beard (2007) discuss several reaction mechanisms that 
react magnetite with diopside, brucite or serpentine to form andradite but in this context andradite is 
seen as an indicator for low temperature serpentinization environments (<220 °C). But the authors 
point out that in the absence of brucite, which is not stable at temperatures exceeding 320 – 340 °C 
(McCollom and Bach, 2009), andradite might be stable at higher temperatures.  
As andradite is always associated with diopside in D2.2, a combined formation could be proposed 
in which magnetite produced by serpentinization of olivine gets destabilized in the presence of Ca 
derived from the dissolution of plagioclase (eq. 10). 
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eq. 10 
In contrast to the 300 °C run, the andradite-dominated garnet in D2.2 has a considerable 
grossular component which might leave sufficient Fe to supply the significant hedenbergite component 
in diopside.  
In domains 2.1 and 2.4, where diopside is not present, grossular-rich garnet is observed instead 
of the andradite dominated component and this is indicative for rather low silica activities (Bach and 
Klein, 2008). Reaction path modeling suggests that Si might be subject to a reverse oriented 
diffusional mass transfer and silica activity in distinct domains might have been lower. The observed 
local grossular formation could hence originate from the desilication of plagioclase (eq. 11) or in 
context of a secondary transformation of previously formed diopside (eq. 12), which are both expected 
to proceed at rather low silica activities (Frost and Beard, 2007). 
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eq. 12 
While the observations of large amounts of unreacted olivine in the major domain D2.2 are in line 
with the predicted presence of olivine in the equilibrium mineral assemblage, the small, most isolated 
domain D2.3 provides a completely contradicting picture (see Figure 9 C). While olivine is almost 
completely reacted, significant fractions of unreacted plagioclase appear next to xonotlite and 
grossular, which are also major carriers of Ca. This kind of Ca-rich mineral assemblage can only be 
explained with an additional source of Ca derived from plagioclase-dissolving reactions in other 
domains. However, given that the implicated diffusional gradient regarding Ca significantly increased 
its availability in this innermost domain, the observed assemblage appears less unlikely. Looking at 
the phase relations at 400 °C, both grossular and xonotlite become stable only at considerably higher 
Ca activities than are necessary for the formation of diopside (eq. 10). In contrast to the diopside 
forming reaction, which is isochemical, the desilication reaction resulting in the formation of grossular 
and xonotlite releases additional silica (eq. 5 and 11) and this could have facilitated the 
comprehensive alteration of olivine in domain 2.3 (eq. 8). It should be noted, that while these reactions 
act as a source for silica they are still expected to proceed at rather low silica activities. 
1.1.6 Experimental results compared to natural troctolite alteration  
Overall, the results of the conducted experiments are in good agreement with the conclusion by 
Frost et al. (2008) that the troctolite alteration process is predominantly dictated by the contrasting 
interplay of the serpentinization of olivine (consumes Si) and the desilication reactions associated with 
plagioclase (act as a source for Si). Considering the estimated lower alteration temperature for the 
alterated troctolites from the Atlantis Massif (<350  °C), they most likely provide a better analogue for 
the experiment conducted at 300 °C than the samples associated with the Kairei hydrothermal vent 
field (Frost et al., 2008; Nakamura et al., 2009). Despite its limited abundance, the presence of small 
amounts of brucite suggests that at least the alteration occurred at a temperature level that is below 
the point from which on olivine is part of the equilibrium mineral assemblage like it can be proposed for 
the experiment conducted at 400 °C. In both cases the alteration produced significant amounts of 
serpentine, chlorite and magnetite ±brucite, however, the serpentinization process yielded prehnite 
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and grossular instead of xonotlite in the Atlantis Massif samples. A possible explanation for this 
discrepancy might relate to the fact that a powder sample was used in the experiment, whereas a 
compact rock reacted in the natural system. Prehnite (Ca/Si = 0.67) and grossular (Ca/Si = 1) are 
proposed to result from a 1st and 2nd step of consecutive desilication of plagioclase (Ca/Si = 0.5), 
which is driven by low silica activities originating from the serpentinization of olivine (Frost et al., 
2008). In the compact rock the mobility of the released Al and Ca was very limited which only allowed 
for limited formation of chlorite from nearby serpentine (eq. 3). Consequently, the major fraction of the 
released Al had to be incorporated into the Ca bearing phases, ultimately favoring the formation of 
grossular and prehnite. Then again the powder sample used in the conducted experiments initially had 
an open pore space that can be expected to result in a significant increase of elemental mobility. 
Hence, this increased mobility enabled the ubiquitous formation of chlorite in association with olivine 
and the Al fraction released upon the desilication of anorthite did not necessarily have to be 
incorporated in the formed Ca-bearing mineral phases. Xonotlite formed instead of prehnite or 
grossular but it can equally be seen as a product of desilication of anorthite exhibiting an increased 
Ca/Si ratio of 1 (eq. 5). Xonotlite was repeatedly reported in rodingitization associated mineral 
assemblages (O’Brien, 1973; Esteban et al., 2003) and in one case even in context of an altered 
troctolite (Capedri et al., 1980) but the exact circumstances leading to its formation remain unclear. 
The fact that no Ca-bearing phase exhibiting an intermediate Ca/Si ratio was observed among the 
solids retrieved form 300 °C experimental run might be attributable to the separation into domains of 
very high and distinctly low Si activities through the mass transfer of Ca and Si along a diffusional 
gradient.   
A major difference between the 300 and the 400 °C experiment is the presence of olivine in the 
stable equilibrium mineral assemblage opposed to that of brucite. Silica activity set by the serpentine-
brucite buffer at 300 °C is much lower than that of the forsterite-serpentine assemblage at 400 °C 
(compare Figure 14 and 15). If Si activity is sufficiently high, talc is expected to form and it is observed 
in altered troctolites exposed near the Kairei hydrothermal field, but not in our 400 °C experiment 
(Nakamura et al., 2009). In contrast to the compact rock in the natural system, increased Ca 
availability was not restricted to the immediate vicinity of reacting plagioclase in the experiment and at 
higher log (aCa2+/a2H+) values, diopside is the stable high silica mineral phase. A similar explanation 
can be proposed regarding the absence of tremolite. Also, similar to the troctolites investigated by 
Nakamura et al. (2009), grossular was confirmed as a product mineral, indicating rather low silica 
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activities. Comprehensive characterization of solids retrieved from the 400 °C experiment revealed 
that strong geochemical gradients regarding Ca and Si as well as progressive cementation associated 
isolation resulted in the development of chemically extremely variable microenvironments. Hence, 
grossular and even xonotlite could form at rather low silica activities from the desilication of 
plagioclase in one space, while simultaneously diopside formed under elevated Si activities 
elsewhere. The exact formation mechanism of andradite in association with diopside remains unclear, 
however the mutual occurrence of the two phases in context of high temperature serpentinization was 
reported before (Frost, 1985).  
Another peculiar feature of the documented alteration in the 400 °C experiment is the massive 
occurrence of almost pure diopside ±andradite at the fluid-rock interface (See Figure 7 C). Similar 
occurrences of diopsidite where previously reported as an unusual type of dyke lithology in the Oman 
ophiolite (Python and Ceuleneer, 2003; Python et al., 2007). These authors suggested a formation 
hypothesis in which seawater penetrated into the upper mantle through cracks and fissures in the 
crust. The recharging fluids supposedly reacted with plagioclase-rich lithologies in the crust and 
became enriched in Ca before they penetrated into the mantle, where they caused diopsidite 
formation at extremely high temperatures (>800 °C). The paragenetic association was reported to 
include minor amounts of almost pure forsterite and anorthite. The high temperature estimate was 
based on the interpretation of anorthite as a cogenetic crystallization product. Based on field 
observations, the dykes always occur close to the former crust mantle transition zone and in particular 
in mantle sections that where intensely percolated by hot primitive melts. Moreover, it is suggested 
that the heat required for initiating and maintaining fluid circulation is provided by the crystallization of 
nearby troctolites. Taken into account this close association with troctolites as well as a alteration 
texture that resembles those resulting from rodingitization, the observed massive occurrence of 
diopside in the conducted 400 °C experiment might provide an alternative formation hypothesis for this 
unique dyke lithology, which does not require nearly as high temperatures. 
3.5.2 Potential of H2 production 
The overall lower silica activity level set by the brucite-serpentine buffer in the 300 °C experiment 
resulted in the development of the low silica domain D1.1. This domain comprises predominantly of 
Mg-rich serpentine and brucite and the Fe component of the olivine reactant is extracted and oxidized 
to magnetite by water, releasing large amounts of H2 (up to 20 mM). Andradite observed at the solid-
Troctolite alteration   145
fluid interface indicates an additional subordinate source of H2. The occurrence of the Fe-rich garnet 
end member at the fluid-rock interface is in line with the observation of massive andradite formation in 
veins associated with Ca-metasomatic alteration in lherzolite rocks described by (Plümper et al., 
2014). The characterized fluid-rock interface from our experiment could be seen as an analogue for 
the veins, as both can be assumed to exhibit elevated W/R ratios. The authors propose a reaction 
mechanism, in which the principle serpentinization related Fe-component magnetite was destabilized 
through the addition of Ca (eq. 13).  
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eq. 13 
Based on the stochiometric constraints given through the magnetite and andradite forming 
reactions (eq. 7 and 13), we calculated the resulting hypothetical concentration within the fluid phases 
in the 300 °C experiment. As the final actual concentration could not be determined due to the 
premature initiation of the cooling process, we extrapolated a value based on the trend set through the 
previous fluid samples (see Figure 16). Comparing the two results, H2 concentration should be 
somewhat higher (about 45 mM) based on the quantified amount of magnetite and andradite 
compared to a final value close to 30 mM predicted by the extrapolation of the measured values. 
 
Figure 3.16: Successive H2 production related to magnetite ±andradite formation in the 300 °C 
experimental run. The resulting trend is extrapolated to the time of experiment finalization (red dashed 
line) and the amount of H2 that would result from a stochiometric production of magnetite is indicated 
(red star).  
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Compared to the measured H2 concentrations, additional CH4 detected within the fluids is 
negligible and a Sabatier type reaction does not provide a satisfying explanation for the observed 
difference (McCollom and Seewald, 2007; Bradley and Summons, 2010). In part, the deviation might 
be subjected to a considerable error that is attached to the AGFM based quantification of magnetite 
(error bars indicated in Figure 16). Both estimates for the total amount of produced H2 are of similar 
magnitude and demonstrated a great potential for the production of H2 in context of alteration of 
olivine-rich troctolite. 
At 400 °C forsterite instead of brucite was part of the equilibrium mineral assemblage and the 
serpentine-olivine buffer set Si activities to a still low but significantly higher level than in the 300 °C 
run. Serpentinization of olivine in general was limited and in context of higher silica activities, diopside 
formed as a major alteration phase exhibiting a significant hedenbergite component. At the same time, 
pure end member serpentine was not present and abundant chlorite had at least similar Fe fractions 
as primary olivine. Relatively Fe-rich diopside and chlorite both apparently excluded a considerable 
extraction of Fe into magnetite, which could have driven hydrogen production. Magnetite itself was 
barely observed, yet a significant contribution of andradite (less Fe-rich than at 300 °C) represents a 
potential source for H2 production according to reaction proposed before (eq. 10). Balancing the 
amount of H2 produced though andradite and the proposed antecedent magnetite formation yields a 
potential concentration of 9 mM. However, subsequent to the measured initial increase, H2 was 
depleted from the reaction fluid at 400 °C. CH4 levels where somewhat higher than in the 300 °C 
experiment but methane also becomes depleted with progressing reaction. Falling H2 and CH4 
concentrations after an initial increase imply a yet unidentified process that consumes the two 
components.  
3.6 Summary & Conclusion 
Experiments reacting fresh forsteritic olivine and anorthite-rich plagioclase with seawater-like 
fluids (3.2 wt.-% NaCl) at 300 and 400 °C (400 bars) provide a first experimental perspective on the 
alteration mechanisms controlling the serpentinization of olivine-rich troctolites. To a certain extent, the 
documented product mineral assemblages resemble those observed in previously studied samples of 
altered troctolites (Frost et al., 2008; Nakamura et al., 2009) but they also exhibit some remarkable 
differences. 
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While the alteration process was defined by the combined effects of olivine serpentinization and 
plagioclase desilication reactions (Frost et al., 2008), an additional major control was given through 
the fact that the massive formation of alteration phases serpentine and chlorite but also large acicular 
crystal aggregations of secondary diopside (at 400 °C) and xonotlite (predominantly at 300 °C but also 
at 400 °C) resulted in a comprehensive cementation of former inter-granular pore space and 
transformed the initial powder sample into a pervasively cemented solid body in both experiments. 
The cementation produced a system in which some parts of the reactants became increasingly 
isolated and the reaction proceeded at variable W/R ratios. Additional reaction path modeling supports 
the hypothesis that this process facilitated a significant mass transfer of Ca ±Si along steep 
concentration gradient. Multiple domains (micro-environments) characterized by distinct mineralogical 
assemblages and chemistry developed as a consequence. Even more fascinating to this observation 
is the fact that the particularly extreme conditions enabled an abundant formation of certain phases 
like magnetite (at 300 °C) or xonotlite in certain domains, while they might not have formed or at least 
would have been significantly less abundant if the reaction would have produced a completely 
equilibrated system. 
In the 300 °C experiment overall silica activity was set to a very low level by the serpentine-brucite 
buffer. As a result the alteration process produced a typical serpentinization product mineral 
assemblage consisting of serpentine, brucite and magnetite, whereas the participation of plagioclase 
complemented the mineral assemblage with additional chlorite and xonotlite. The presence of xonotlite 
instead of prehnite or grossular, which were reported for natural altered troctolites (Nakamura et al., 
2009), can be explained by an increased elemental mobility in the experiment in which an initially 
loose powder was reacted in contrast to a compact rock that reacts in the natural system. In the 
compact rock Al released upon the desilication of plagioclase is rather immobile and hence has to be 
incorporated in the formed Ca-silicate phases, whereas it is free to form abundant chlorite elsewhere 
in the experiment. In addition, the diffusional mass-transfer of Ca and Si towards lower W/R ratios at 
300 °C resulted in a concentration of certain alteration phase assemblages in chemically distinct 
domains (D1.1-D1.4).  As a consequence, one portion of the solids is completely Ca depleted and 
moreover exhibits an assemblage of brucite, magnetite and serpentine ±chlorite that is indicative of 
extremely low silica activities. At the same time another domain exclusively comprises chlorite, 
xonotlite and unreacted plagioclase ±olivine indicating an elevated Ca availability. To some extend this 
separation can be compared to the one present in natural altered troctolites, where it results from the 
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limited element mobility. The determined total reaction turnover at 300 °C was about 77.5% by weight. 
The significant formation of magnetite at 300 °C produced considerable amounts of H2, which are 
comparable to those resulting from serpentinization of peridotites. This result confirms earlier 
suggestions, that the alteration of olivine-rich troctolites can potentially produce sufficient amounts of 
H2 to support microbial communities of chemolithoautotrophic microbes (Nakamura et al., 2009). 
At 400 °C the equilibrium serpentine-forsterite defines an overall higher silica level, magnetite and 
brucite are no longer observed and the product mineral assemblage includes chlorite, diopside, 
andradite, grossular and xonotlite ±serpentine. In contrast to the 300 °C alteration, in which a 
considerable increase in Ca activity is required before any Ca-bearing phase becomes stable (see 
Figure 14), at the higher silica activity level set in the 400 °C experiment only a moderate increase 
results in diopside becoming a stable component. Ca released through the dissolution of plagioclase 
in combination with sufficient Ca mobility in the experiment enabled an extensive formation of diopside 
alongside chlorite and andradite, which replaced magnetite as the principle Fe mineral at 400 °C. 
Diffusional mass transport of Ca towards lower W/R ratios resulted in xonotlite and grossular formation 
at rather low silica activities in another domain that represents the more isolated portions of the 
reacting solids. The presence of olivine in the equilibrium mineral assemblage resulted in a reduced 
reaction turnover of 52.2% by weight. While the formation of andradite provided a potential source for 
H2, the measured concentrations were significantly lower than in the 300 °C experiment. This 
observation is in line with a limited abundance of andradite compared to that of magnetite at 300 °C. In 
addition, decreasing H2 concentrations imply a H2 consuming process at work. Moreover a massive 
occurrence of diopside along the fluid-solid interface was observed, and in association with minor 
andradite this assemblage resembles a lithology of massive diopsidite dykes in the Oman ophiolite 
(Python et al., 2007). The serpentinization of olivine-rich troctolite might hence provide an alternative 
formation scenario for these peculiar lithologies. 
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4.1 Introduction 
The global ocean system constitutes a giant carbon pool (660 Pg) in the form of marine 
dissolved organic matter (DOM), which on average revealed to be several thousands of years old. The 
major source of marine DOM is the photosynthetic reduction of CO2 in the upper ocean layers by 
photoautotrophic microorganisms. This DOM plays a crucial role in the metabolism of many 
heterotrophic archaea and bacteria and the vast majority of the freshly produced DOM (>99%) is 
transformed or catabolized to inorganic constituents within a decade (Sexton et al., 2011; Dittmar, 
2015; Osterholz et al., 2015). As a consequence, the compounds that initially only contributed a minor 
fraction of the primary production, but which proved to be a lot more resilient, accumulated over time 
and basically contribute the major fraction to todays overall marine DOM pool (Jiao et al. 2010). This 
recalcitrant majority of DOM is relatively stable, in particular in the deep ocean and exhibits only a 
minor decrease (48 µM → 34 µM) in context of deep ocean circulation between North Atlantic and 
Pacific (Flerus et al. 2012; Lechtenfeld et al. 2014; Hansman et al. 2015), which is partially related to 
sorption of DOM on sinking particles (Druffel et al. 1996; Loh et al. 2004). Hence, a major fraction of 
marine DOM seems rather unaffected by oxidation or surface reactive processes and is characterized 
by a significantly reduced bioavailability (Carlson et al. 2002). However, apart from a subordinate 
fraction that continues to remain in the ocean carbon pool for even longer time periods (100.000 
years), most of this recalcitrant DOM is still removed from the oceans within several thousands of 
years. Previous studies showed that comprehensive degradation of refractory DOM occurs during 
seawater cycling in hydrothermally active areas of the seafloor and in sedimentary basins (Seewald 
2001; McCollom and Seewald 2003; Lang et al. 2006; Hawkes et al. 2015). A stepwise reduction of 
molecular weight apparently follows an entirely abiotic sequence that involves an initial oxidation and a 
subsequent decarboxylation until DOM is completely removed (Bischoff and Seyfried 1978; Seewald 
2001, 2003; McCollom and Seewald 2003; Zhang et al. 2007). Comprehensive evaluations of fluids 
from many hydrothermal vent sites as well as experiments conducted by Hawkes et al. (2015) recently 
demonstrated that DOM can be almost entirely removed by hydrothermal alteration at elevated 
temperatures (>380 °C). While this mechanism most certainly provides an efficient way to remove 
recalcitrant DOM from the oceans (complete turnover at >350 °C over a time period of 20-40 million 
years; Elderfield and Schultz, 1996), little is know about the degradation potential of hydrothermal 
circulation at lower temperatures. However, low temperature circulation (<80 °C) occurs on a 
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significantly larger scale on ridge flanks and in sedimentary basins and might hence constitute an 
equally important sink for marine DOM (Johnson and Pruis 2003; Mottl 2003). Furthermore, it is not 
well established, how hydrothermal circulation affects the molecular composition of DOM that 
constitutes a highly diverse mixture of several 1000s of different molecular structures. In general, over 
95% of marine DOM molecular structures remain unidentified as the high diversity of species and the 
presence in a salt water matrix complicate a comprehensive characterization, and a systematic 
gathering of information is still very much in its infancy (Dittmar and Stubbins 2014). Closing this gap 
in knowledge is crucial as hydrothermal systems were also repeatedly discussed as a likely source for 
simple prebiotic organic compounds (low molecular weight DOM) (Shock and Schulte 1998; Lang et 
al. 2006; Reeves et al. 2014). Moreover hydrothermal systems can also constitute a source for 
thermogenic, thermally resistant or sulphur containing forms of DOM (Dittmar and Koch 2006; Dittmar 
and Paeng 2009; Pohlabeln and Dittmar 2015). Aiming for a better understanding of the temperature 
dependency of thermal degradation of marine DOM and further elucidate the nature of changes 
imposed by hydrothermal alteration, multiple experiments were conducted testing the short-term 
stability of DOM in a temperature range between 100 and 380 °C. 
4.2 Design of the conducted experiments 
A specialised experimental approach had to be developed that was not only limited to an 
investigation of absolute time and temperature dependent degradation of marine DOM but also 
enabled a comprehensive characterization of the nature of the alteration process.  
4.2.1 Experimental setup 
Consequently we used modified version of a Dickson-type flexible reaction cell setup that 
permits experiments with relatively large fluid volumes in a reasonable P-T range (up to 500 bars, 
400 °C) and also allows for periodic fluid sampling form the running experiment (Dickson et al. 1963; 
Seyfried et al. 1987). In this setup, the reactants reside within a flexible gold reaction cell (100 ml) that 
is sealed with a custom fitted titanium closure equipped with an access tube. The cell is encased 
inside a stainless steal pressure vessel filled with distilled water and an external pressure line 
connected to this reservoir can be used to apply a homogeneous isostatic pressure. Placed in an 
electric ceramic heater arrangement (Parr Instruments Company) the vessel can be externally heated 
to a designated temperature level, while a thermocouple reaching into the vessel directly adjacent to 
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the reaction cell provides a precise temperature reading. Fluid samples could be taken from the 
flexible gold cell during reaction through a titanium frit (2 µm, Vici) in the titanium access tube and an 
attached custom-fitted valve while keeping pressure and temperature nearly constant.  
4.2.2 Processed DOM sample 
About 60-65% of the marine DOM can be extracted on styrene-divinyl benzene resin in a 
reproducible manner and is defined as solid phase extractable DOC (SPE-DOC). This fraction is 
broadly considered to be a good representative for bulk DOC as it is similar in apparent age and 
distribution (Flerus et al. 2012), however it should be noted that this fact imposes a minor uncertainty 
to the transferability of the results to overall DOC in marine environments. SPE-DOC does not include 
the smallest polar molecules (e.g. short chain organic acids or free amino acids) as well as colloidal 
aggregates that do not efficiently interact with the resin but also contribute to bulk DOC. As the total 
volume of fluid reactant is limited in the reaction cell setup an artificially enriched sample had to be 
prepared to avoid practical complications in the characterization of very low concentrations of DOC 
and DIC in small fluid volumes. Hence, samples from North Equatorial Pacific Intermediate Water 
(NEqPIW) from a depth of 674 m (Natural Energy Laboratory of Hawaii Authority (NELHA; www. 
nelha.org) near Kailua-Kona, Hawaii) were subjected to solid phases extraction to obtain a SPE-DOC 
concentrate (Dittmar et al. 2008; Green et al. 2014).  The concentrate was subsequently used to 
prepare DOC enriched solution for the conducted experiments. The enrichment should not have a 
significant effect on the observed alteration behaviour as the degradation is most likely a first order 
process for individual components (Koehler et al. 2012). 
4.2.3 Degradation experiments 
Accounting for estimated volume expansion at experimental conditions, 55–70 ml of the used 
experimental solution were transferred into the pre-conditioned gold bag, and after closure of the 
apparatus the remaining air headspace was removed through the valve by pressurisation with N2. The 
sample access valve was then closed, the sample pressurised to 400 bars, and the vessel was finally 
heated to the designated reaction temperature levels. Consecutive samples were taken and 
subdivided for different analyses. Three consecutive sets of experiments were conducted not only to 
evaluate the temperature dependency of the alteration process but also to be able to set a focus on 
certain characteristics of system, which was in particularly necessary due to the limitation in fluid 
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sample volume. At the beginning of each sampling procedure, 1.5 ml of dead volume had to be 
discarded and the total fluid volume could not be reduced to less than 35 ml without endangering the 
structural integrity of the cell. For the maximum temperature of 380 °C (55 ml starting volume) these 
constraints limited the total sample volume to 20 ml.  
For the 1st set of experiments, the prepared SPE-DOC separate was dissolved in an artificial 
seawater solution (Kester et al. 1967) to obtain a final concentration of 1.9 mM organic carbon. About 
70 ml of this solution were administered into different reaction cells and after installing them inside the 
respective pressure vessels and following the general procedure outline above they were heated to 
170, 230 and 300 °C in three separate experimental setups. Over the entire runtime (~2 weeks - 
170 °C; ~2 days - 230 and 300 °C) a total of 5 samples (1.5 ml dead volume + 3 ml sample) were 
taken from each setup, 10-fold diluted in 0.01 N HCl and immediately subjected to a solid phase 
extraction procedure (Dittmar et al. 2008). The resulting methanol extracts were divided for 
concentration determination as well as comprehensive characterization of molecular diversity via 
Fourier-transform ion cyclotron resonance mass spectrometry (FT-ICR-MS). Artificial seawater and an 
unreacted aliquot of the prepared solution were also subjected to solid-phases extraction and used as 
a control. Upon termination and opening of the experiments additional samples were taken for acetate, 
formate and pH measurements.  
The 2nd set of experiments covered three additional temperature levels (~2 weeks - 100 °C; ~1 
week - 200 °C; ~4 days - 380 °C) and the initial concentration of organic carbon in the experimental 
solution was increased to 2.4 mM to reduce the necessary individual sample volume needed for a 
precise quantification of different DOC related fluid characteristics. While the total amount of fluid 
samples in each interval had to be only slightly increased (1.5 ml dead volume + 1.5 ml + 2 ml) the 
higher concentration level enabled additional sample aliquots for quantification of bulk DOC (1ml; 10-
fold diluted in 0.01 N HCl), DIC (1 ml) and pH (0.5 ml). The reduced 1 ml sample for SPE-DOC was 
treated as before. An additional sample for H2S quantification was taken from the cooled solution at 
the end of the experiments. This set of experiments provided unsatisfactory results regarding DIC and 
DOC. After the 10-fold dilution, DOC concentrations revealed to be close to the detection limit and the 
PP/PE plastic syringes used for sampling were identified as a potential source for contamination 
(SPE-DOC was apparently unaffected by this contamination effect). Moreover DIC samples seemed to 
suffer from a loss through degasing, especially from the low pH fluid in the 380 °C run.  
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To overcome this problematic in the 3rd set, we decided to use a simpler seawater matrix limited 
to NaCl (3.1 g/L) and Na2SO4 (0.43 g/L) and to remove the initial DIC budget through purging with 
filtered N2 after acidification with HCl to pH 2 (all DIC present as CO2). In addition the starting 
concentration of organic carbon was set to 6.7 mM and all samples were taken with acid-rinsed gas-
tight glass syringes (Hamilton®). In contrast to the previous runs only one setup was used and 
sequentially heated to 100, 200, 300 and 380 °C, while samples for DIC (1 ml) and DOC (1 ml, 
quantified from the undiluted solution) were taken at each temperature level. As close to all DIC is 
present as CO2 at pH2, this value could be directly obtained through quantification of CO2 
concentrations via headspace extraction and gas chromatography. CH4 was measured alongside CO2 
to identify possible conversion of the latter. Solid phase extracted SPE-DOC samples were only taken 
at the start and upon termination of the experiment to identify possible dissimilarities to the first 380 °C 
run potentially imposed by the acidification.  
4.3 Results and implications 
Comprehensive evaluation of the collected fluid samples provided a clear picture of the nature 
of hydrothermal alteration of marine DOM at a range of temperatures.  
While the findings of previous studies could be confirmed that SPE-DOC is almost quantitatively 
removed (>93%) from solution at high temperatures (380 °C) (Hawkes et al. 2015), the observations 
regarding compositional changes enabled a far more detailed interpretation of the alteration process. 
The results indicate that even at moderately elevated temperatures (100 °C) large fractions of marine 
DOM becomes unstable (i.e. is converted to different molecular species that might still contribute to 
SPE-DOC) and close to 25% of SPE-DOC are completely removed from the solid phase extractable 
pool. The massive compositional modification strongly implies that low temperature hydrothermal 
circulation in ridge flanks and sedimentary basins is likely to play a crucial role in setting the 
compositional variability of marine DOM.  
At higher temperatures, most of the original SPE-DOC components revealed to be unstable and 
increasing fractions were not only transformed to lower molecular weight components but they were 
eventually completely removed. Simultaneously the initial decrease in measured bulk DOC was 
usually much slower, suggesting that the initial products of the alteration process in part are non-
extractable, small polar molecules that form through successive oxidation and which are eventually 
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decomposed to CO2 and CH4 (Seewald 2001; McCollom and Seewald 2003). The observation that 
small polar molecules are formed from recalcitrant DOM is in particularly interesting as they usually 
exhibit a high bioavailability (Winkel et al. 2014; Hawkes et al. 2015; Rossel et al. 2015). However 
quantification of bulk DOC, CO2 and CH4 in the 3rd experimental set revealed that this process can 
only account for about half of the bulk DOC loss. Hence, another fraction of SPE-DOC might be 
converted to non-extractable immiscible apolar phases (e.g. kerogen; Manning et al. 2013).  
In general the final composition of the remaining SPE-DOC fraction systematically shifts 
towards lower molecular weight species with increasing temperature. This shift is accompanied by a 
decrease in O/C ratios that indicates a successive loss of carboxylic and alcohol groups (Seewald 
2001, 2003; McCollom and Seewald 2003). These results indicate that decarboxylation and 
dehydration are a kinetically preferred degradation mechanism. While it is well known that organic 
molecules can be decomposed to volatile gases like CO2 and CH4 or converted to immiscible products 
when subjected to hydrothermal conditions (Simoneit et al. 1992; Seewald 2001; Manning et al. 2013), 
the conducted experiments confirm an equal alteration behaviour for complex marine DOM for the first 
time.  
While significant fractions of SPE-DOC were lost in all experiments, the concentration usually 
stabilized on a temperature dependant final level, indicating that the compounds comprising the 
remaining SPE-DOC are simply stable at these conditions. If the final concentration of each 
experiment is interpreted as the stable SPE-DOC fraction at that temperature level, a trend emerges 
that can be extrapolated to lower temperatures and indicates that significant alteration of SPE-DOC 
might already start at 68 °C. Considering that hydrothermal circulation at such lower temperature 
levels is much more abundant than high temperature circulation, it can be concluded that even if total 
degradation at these levels is significantly reduced, it might also play an important role in the 
regulation of global marine DOM budgets. 
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5 Conclusion and Outlook 
The experimental work conducted in the framework of this PhD project provides fundamental 
new insight on the nature of the investigated hydrothermal processes and the documented 
observations will serve as a valuable basis for any future studies of these systems. The implications 
that arise from some of the results moreover strongly suggest an adjustment of currently used models 
or the additional consideration of certain parameters. 
While the experiments conducted on Li and B isotope fractionation during serpentinization are 
only a first step to a comprehensive experimental quantification of the fractionation process, for the 
first time profound experimental data on the fractionation process is available from experiments that 
simulated the serpentinization process under close to natural conditions.  
Regarding Li the investigations revealed, that apparently, resulting contents and isotope ratios 
of the altered rocks are less dependent on elemental partitioning behaviour or equilibrium isotope 
fractionation but are predominantly defined (1) by the extend of olivine dissolution, which represents a 
major reservoir of Li, as well as (2) the mixing of budgets from two isotopically distinct reservoirs (fluid 
and primary olivine). This effect virtually masks an additional equilibrium isotopic effect and is likely of 
paramount importance for the geochemical cycling of Li between oceans, oceanic crust and the 
Earth’s mantle. As a result the bulk lithology can become depleted in Li upon large-scale dissolution of 
the primary olivine Li carrier, while secondary phases still have a general tendency to incorporate Li 
from the fluid phase. This subordinate incorporation is accompanied by an ambiguous isotopic effect 
that might root in different modes of incorporation within serpentine mineral phases. However, the 
isotopic effect is negligible compared to the mixing effect and will only become important when 
serpentinization degree approaches 100% and the isotopic budget is no longer dominated by olivine. 
Regarding B geochemical behaviour, to some extend, the experiments could confirm previously 
identified general trends like a potential for extreme B enrichment in alteration products as well as an 
overall preferential incorporation of the lighter B isotope (10B) (Vils et al. 2009). This observation 
supports the assumption that through the serpentinite vehicle, significant fractions of isotopically 
extremely light B could be transferred deep into the crust in subduction zone related environments. 
Definitive elemental partitioning and isotope fractionation coefficients could be derived. They indicate a 
strongly anti-correlated relationship with temperature that results in an increased B enrichment and 
166  Chapter 5 
isotope fractionation at lower temperatures. However, while the documented B enrichment is of an 
equal order of magnitude as in natural samples (Vils et al. 2008), isotope fractionation revealed to be 
significantly reduced relative to predictions made by current models (Liu and Tossell 2005; Wunder et 
al. 2005). Based on the characterized mineral assemblage it is suggested that an attenuating effect on 
isotope fractionation might root in different modes of B incorporation into alteration phases. In the 
investigated system this might be in particularly true for brucite that can be expected to adsorb 
isotopically heavy B (11B-enriched) (Pokrovsky et al. 2005) and consequently brucite stability 
constraints might be of crucial importance for the overall isotopic effect. This effect would not only 
affect systems exceeding 315-340 °C where brucite reaches its thermal stability limit but could also be 
important for systems in which a deviating mineral assemblage (e.g. presence of orthopyroxene) 
imposes higher silica activities. Exceeding the studied system at hand, similar effects are likely to 
occur in different natural environments in which additional phases are present that are characterized 
by variable modes of B incorporation. Thermodynamic modelling of B speciation also revealed that 
additional B species contribute significantly to the overall B speciation at in-situ conditions. The 
presence of these species is likely to impose an additional attenuating effect on the isotope 
fractionation as it was documented in our experiments (Pokrovski et al. 1995; Akinfiev et al. 2006). In 
addition to the derived elemental partitioning and fractionation coefficients, one important insight from 
our studies is that future models should place more emphasis on considering these mineralogical and 
speciation related effects. Furthermore, differences in hypothetical B contents of reaction products 
derived from fluid mass balancing and the actually measured contents can be interpreted as an easy 
re-mobilization of a B fraction (preferentially the less isotopically fractionated fraction) that is not well 
structurally bound. While this might be an important observation for the transfer potential of different B 
fractions in subduction zones, it also highlights the limitations of the experimental design.  
Solids have to be separated from the reaction fluid through purging, but this imposes severe 
changes (more pronounced for B than for Li) and hence conclusions derived on isotope fractionation 
are mostly based on fluid data. Then again, the availability of corresponding solid phase data would be 
crucial to validate fluid based results. Moreover, characteristics of individual mineral components could 
not be determined, as especially serpentine crystals were too small, even for potential SIMS analysis. 
They also could hardly be separated without dissolving or chemically altering major fractions. A 
potential future approach that could provide an improved basis for fluid and solid phase comparability 
may involve a simultaneous conduction of multiple cold-seal pressure vessel experiments. In these 
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setups, multiple small gold capsules filled with reactants, corresponding to those in the larger flexible 
reaction cell setup, can be reacted simultaneously. Several of these experiments could be conducted 
parallel to another flexible reaction cell experiment, and then be quenched sequentially, every time a 
fluid sample would be taken from the main experiment. This approach would provide solid phase 
characteristics corresponding to each fluid sample and it would potentially enable a more detailed 
interpretation of the isotope fractionation process. Another shortcoming of the experimental design is 
the fact that fluid sampling comes along with a modification of W/R ratios and it remains unclear if this 
has a fundamental effect on the measured elemental partitioning and isotope fractionation. During a 
short course on hydrothermal experimental petrology hosted by Dionysis Foustoukos at the end of my 
PhD, I had the opportunity to learn about techniques that allow for the reaction concomitant injection of 
fluid aliquots into the reaction cell. Such a technique could be applied to sustain a constant W/R ratio 
throughout the experiment.  
The conducted study presented in chapter 3 constitutes a first experimental perspective on the 
alteration of olivine-rich troctolites in hydrothermal systems. First of all it highlights the importance of 
the advanced compositional contrast between olivine and plagioclase for the alteration process. As 
previously suggested, the experiments clearly demonstrated that the determining element for the 
reaction is the combined effect of the serpentinization of olivine that imposes low silica activities and 
the consequently facilitated sequential desilication of plagioclase (Frost et al. 2008). As a 
consequence, the produced mineral assemblage contains several mineral phases that are indicative 
for serpentinization (e.g. serpentine, brucite or magnetite) as well as minerals that are typically found 
in rodingites (e.g. chlorite, grossular, andradite and xonotlite) where plagioclase is subjected to similar 
desilication reactions.  
However, while the product mineral assemblages produced in the conducted experiments 
overall closely resemble those observed in natural altered troctolites (Frost et al. 2008; Nakamura et 
al. 2009), some distinct deviations highlight the additional importance of element mobility for the 
alteration process. In a natural, massive rock, where fluid flow is either diffusional or restricted to 
fractures, element mobility can be very limited. In contrast, it can be significantly increased in a 
powder separate (used in the experiment) where initial fluid flow is relatively unrestricted. 
Consequently, a typical serpentinization mineral assemblage (i.e. serpentine, magnetite, brucite) 
develops in close association with olivine in natural altered troctolites, whereas the produced Al and 
Ca phases  (e.g. chlorite, grossular, prehnite) only occur in close association with reacted plagioclase 
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crystals (Frost et al. 2008). Hence, the restriction of Al mobility results in the formation of Ca-Al 
silicates. Then again, an increased mobility of Al in the conducted experiments led to a significantly 
increased abundance of chlorite (that formed instead of serpentine in association with olivine) and 
enabled the formation of the pure Ca-Si phase xonotlite. Another rather unexpected feature in the 
conducted experiments was a comprehensive cementation of the initially loose powder reactant by 
secondary minerals chlorite, serpentine, xonotlite and diopside. As a consequence different portions of 
the reactants became increasingly isolated and in context of variable W/R ratios a steep concentration 
gradient developed regarding Ca and Si in the 300 °C experiment. Diffusional mass transfer along this 
gradient ultimately produced domains that were completely devoid of Ca and contained an almost 
pure, low silica activity serpentinization mineral assemblage (serpentine, magnetite, brucite ± chlorite). 
Then again, the enrichment of Ca in different domains might also have contributed to the formation of 
xonotlite.  
Overall there also seems to be a 1st order dependency of the product mineral assemblage on 
the general level of silica activity imposed by the instability of brucite at temperatures above 315-
340 °C., where instead, olivine was part of the equilibrium mineral assemblage. Despite the outline 
differences in the alteration process resulting from the variable element mobility, the experiments 
demonstrated a high potential for H2 production through the serpentinization of troctolites that could 
indeed sustain chemosynthetic microbial communities. At 300 °C H2 production is clearly tied to the 
formation of magnetite, whereas it can be subjected to andradite formation at 400 °C. Overall H2 
production at 400 °C was limited by the stability of olivine but successive depletion of H2 and CH4 
concentrations within the fluid also indicate an additional process that might result in the conversion of 
these volatiles to different, possibly organic components. 
As element mobility, which can be variable and highly restricted in a massive rock relative to a 
powder sample, seems to be of cornerstone importance for the resulting mineral assemblage, future 
studies should put emphasis on investigating this influence. One possible experimental design could 
involve the reaction of cm-sized samples of unaltered natural troctolite retrieved in the framework of 
the ocean-drilling program. Similar to experiments utilizing a flexible reaction cell setup have been 
conducted before by Klein et al. (2014). Additional investigations of kinetic effects and dissolution 
rates during the alteration process could be studied in a flow-threw setup. 
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Marine dissolved organic matter constitutes a large pool of carbon in the global carbon cycle but 
large fractions are relatively unaffected by biological or reactive surface processes and survive in the 
oceans for several thousands of years. It was demonstrated before that hydrothermal alteration at 
higher temperatures (~380 °C) is a major sink for this DOM fraction (Hawkes et al. 2015), but the 
presented set of experiments provides fundamental new insight on nature of this alteration process. It 
could be demonstrated that large fractions of the most recalcitrant forms of DOM are already 
decomposed at temperatures as low as 100 °C and most of the compounds do not survive for more 
than a few days at temperature exceeding 300 °C. A detailed compositional characterization of the 
samples revealed that high molecular weight compounds are preferentially degraded to lower 
molecular weight compounds through successive decarboxylation and dehydration reactions before 
they are eventually completely decomposed to H2 and CH4. Some of these lower molecular weight 
species seem to exhibit a higher thermal stability and will not be further decomposed at lower 
temperatures (100 - 200 °C). One important conclusion that arises form this stepwise degradation 
process is that even if the alteration process affects a major fraction of the original DOM and many 
compounds are altered, the absolute decrease in total DOM can be limited. The comprehensive 
alteration to lower molecular weight species, however, might have crucial consequences for the 
bioavailability of the organic matter. This hypothesis could be tested in comparative culture 
experiments in which one group of microbes is cultured in seawater, enriched with unaltered DOM, 
whereas another group would be subjected to DOM that has been artificially altered at a defined 
temperature level in preliminary experiments.  
Another interesting observation was that degradation eventually stagnated in each experiment 
and that no further degradation apparently occurred after a specific, temperature dependent maximum 
of DOM was removed (20% at 100 °C up to 93% at 380 °C). This trend was extrapolated to lower 
temperatures, which indicated that significant removal of marine DOM through hydrothermal 
degradation should already start at 68 °C. As the flux of seawater through sediments and ridge flanks 
at lower temperatures is several orders of magnitude higher than the flux through high temperature 
systems, this type of degradation could be of major importance for the marine DOM budget, even if 
the fraction of degraded DOM is low. The potential of this low temperature hydrothermal degradation 
could be easily explored in a long-term experiment that would require nothing more than an oven and 
a suitable inert pressure container. 
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Hydrothermal systems are often characterized by elevated concentrations of H2, CH4 or other 
volatile compounds (Charlou et al. 2002). The impact of these compounds on the nature of the 
alteration mechanism should be studied by injecting volatile saturated solutions into the running 
experiment. The evaluation of the experiments further indicated that some of the initially solid phase 
extractable organic compounds were converted to immiscible apolar species (e.g. kerogen). These 
were not covered by the methodology in this study and hence future studies should consider these 
compounds to further elucidate the alteration process. 
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